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FOREWORD 


The test research program reported 
Electric Company under National Aeronaut 
Research Center, Contract NAS3-20605 and 
W. Stevans and J. Adamczvk of the Lewis 


herein was conducted by the Genera' 
ics and Space Administration, Lewis 
conducted under the cognizance of 
Research Center. 


This test research program was conducted to investigate stall flutter by 
providing detailed quantitative steady and unsteady aerodynamic and aero- 
mechanical measurements in a typical fan rotor. Both subsonic/t ransonic (tor- 
sional mode) flutter and supersonic (.flexural mode) flutter were investigated. 
The tests were conducted in two builds: Build 1 tested during November, 1978- 
2, Tests 1 and 2 during March, 1979; and Build 2, Test^3 during JanuarL 
1980. This report documents the results of this program. 

The authors would like to acknowledge the valuable assistance of L.W. 
Kruger and Mike Chalfin in the FFT acquisition and analysis of the test data 
of K.J. Klapproth in analyzing the test data, and of T.'x. Dodd in preparing 
data presented in this report. 
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l.o INTRODUCTION 


invariably prodacas into araM^ and compressor airfoils. Flutter 

allowable fatigue strength severelv^'^f f ^ evels that exceed the airfoil's 
is present within the operational rL?e ®'^8^ne life. Whenever flutter 

-drfications are necessary for prod^Jn e'ngL^ ’ 

turbine design^^s^^ uifortLatefr fl t h 

the overall advances and new requirements of t ^ '‘"^pt pace with 

has been true because of the complexit^of fl rr 

characterized as a combination of flutter phenomena, which can be 

within a feedback sv^e^ ^alesu t'^^'d e? ^ interactions 

flutter, to cite one examplf rem!?n , II! mechanism in stall 

the development of a valid analytical mol 1 ^ ^ which has prevented 

achievements in the theo^ettcal ' ei technical 

remarkable l„ „ia„ of ri.e comp Uxity'^orr be pro"Mem UvowL*.'" "" 

per-rev blade response at obe^t the^lade h 'Ltural'*?"^''*”'^ non-integral 
in first flexural or first torsional moH^! n frequencies, generally 

blade's vibratory response is fairlv i- * ®'ually, the amplitude of a 
flutter occurs alone not in m fixed flow conditions when 

Due to the comp ea"; "rt^e "e “h“" eacitati:". 

of hov aerodynLlc forces gene^tefby L M^J^"' exact details 

s.vstem over a given vibratory cycle have Lt beL^de'Lt ard^rrmi'^d!’'"'*' 

aries‘"h“*t„L^:t:y\^rur:“:ari^r:::--e"“^°" 

vary in detail but are often similar in methods. These methods 

experimentally determined on each of aa flutter boundary is 

basic rotor parameters This comn > experimental rotors in terms of 

boundary for the new designs TltZ ^ ll " f^-“er 

cessful for parameters within the ranL' of^^ ""^Phod has been relatively suc- 
a basic understanding of the flutter mechLism^'^"''^ ’ provide 

mechanism to establish the'^''pr ima^v'-'^pa^amet models of the flutter 

fence is interpreted. Therefore IhJ. T u against which flutter exper- 
same inherent limitations of th^ anatvt ica^ mX ' can be influenced by the 

empirical techniques and should lead ""t^di 'T'‘^ in better semi- 

nal for developing design criteria for prevent hif Hut 

ments of both the st^adv^Ind unsteaL^f lowfT Id'^^ c)btain detailed measure- 
determine the mechanical .state of the rotor ^h ile^'^r^ rp^erl^In^r^Lr t,"e 


1 


0 


r 


steady and flutter modes. This data could then be used to for-n ,i e • • , 


!■• 1 PROGRAM DESCRIPTION 

This flutter research program was initiated to investigate stall 
gated upersonic flexural mode flutter were In.esti- 


-in : : 3;: 

nf u original tan, the major aerodynamic design features 

ot which are shown in Table T The far. ki ^ . r ^ i-t^diures 

Coi A ir^nh^ j scaled tan blade resulted in a 54 35 rn 

airflow of’eO^^ kg™«"(8rribAT")*" “f >•*' ="<1 • corrected 

waa tested U LScHb'd'irLitCrdio ' 

Both conventional and innovative instrumentation methods were uspH t-r. 

4.0. instrumentation details are described in Section 


The testing in this program was handled in a total ot throe too,, 
two separate Builds. This approach was taken in order Co meet al t^e ^h * 
eves outlined for Che program and to acquire all thr 


instrumentation 

1 consisted of two tests: 


necessary data from the 


aT"" checkout. Tne vehicle's soundness was 

th^r ! vibrations in the blade system throughout 

the speed and throttle ranges defined for the test^program. 

frodynamic performance test which completed 
defined stall and flutter boundaries. mpieceiy 

T ^seLL ^'activLir"'^^ instrumentation test. The program's fundamental 
research activities were conducted during this phase of the program All 

tLu'g^rBuUrP obtainad during t^" 

esting of Build 2. The original plan called for the investigation of 

it.veis ot flutter penetration) on each of five differ^.n^ xc^ i- 
Hnwever, the plan, were changed when flutter penetration c."u«d oT 
ade s vibratory stre.sses to increase rapidlv until the hlidoo 
jeopard, of failure. The data point, whet, uL"ad‘ daL lt’ob:iL:d 
are shown on the rotor performance map in Figure 2. 
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Table I. Full Fan C Aerodynamic Design Features. 


Corrected rotor tip speed 
Inlet hub-tip radius ratio 
Rotor inlet tip diameter 
Corrected airflow 
Inlet corrected flow/annulus area 
Bypass ratio 

Bypass stream total— pressure ratio 
Core stream total-pressure ratio 
Rotor aspect ratio 
Rotor solidity, tip 
Rotor solidity, hub 
Number of rotor blades 
Rotor tip diffusion factor 
Number of bypass stream OGV' s 


472.4 m/sec (1550 ft/sec) 

0.36 

1.73 m (68.30 in) 

415 kg/sec (915 Ibm/sec) 

201.6 kg/sec-m2 (41.3 lbm/sec-ft2) 
5.0 
1.60 
1.49 
2.09 
1.40 
2.45 
26 

0.325 

60 


Number of core stream OGV' s (tandem airfoil) 
Design relative tip Mach number 
Design speed, rpm 


570n 




‘.in Rotor Pressure Rn t i 


Total Fan Corrected Airfl 







2.n TEST VEHICLE DESCRIPTION 


The rocor stage selected for this experimental research pro'-^ram was -an C 
from tne NASA Quiet Engine Program (QEP), Reference 1. The fan rotor rested 
on this program was a 31.3 percent scale of the full scale sinsle stage fan 
Tne design characteristics for the scale model fan are summarized in Table ’ 

The rotating rig test vehicle included a cantilevered, singl -s'age fan 
rotor system with a split discharge flowpath configuration, see Figure 3 
dajor control features included (1) a variable discharge vane row in the bypass 
duct to control the vehicle bypass ratio and, further downstream, (2) a facil- 

throttle the fae above the deai^n oper.tUg line to 

(see Fi^ure^3)^-^ arrangement was comprised of the following features 


• an inlet screen and a bellmouth cylindrical inlet, 

• module, flow splitter, fan bypass discharge valve, and fan 
discharge frame, 

• a sump and drive shaft system, and 

• a facility discharge mechanism. 

r" including the rotor 

lade disk system, the core and bypass outlet guide vanes (OGV's), the flow- 
path casings, and the rotating spinner. 

The fan stationary components we-e mounted on the forward end of the fan 

ti ! ^ structure which provided primary support for 

fc s ve lie e. The inlet bellmouth and flow measurement section were 
supported separately. They were mechanically decoupled as a unit from the 
basic vehicle by a silicone rubber 0-ring. For easy access to the rotor, Che 
an rotor casing was a split casing consisting of two 180° segments jointed bv 
axial flanges at the horizontal centerline. ^ ^ 

The rotor contained 26 titanium blades with integral Iv machined platforms 
a straight shank, and a single tang dovetail. The pressure faces of tl)p dove-’ 

coa'tinr‘%hrbUr'^ application of copper-niokel-indium 

blad^"*U ”"8 which locks the 
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Corrected rotor tip speed 
Inlet hub-tip radius ratio inlet 
Rotor inlet tip diameter 
Corrected airflow 

Inlet corrected flow/annulus area 
Bypass ratio 

Bypass stream total-pressure ratio 
Core stream total-pressure ratio 
Rotor aspect ratio 
Rotor solidity, r ip 
Rotor solidity, hub 
Number of rotor blades 
Rotor tip diffusion factor 
Number of bypass stream OGV ' s 
Number of core stream OGV*s 
Design relative tip Mach number 


472.4 m/sec (1550 ft/sec) 

0.36 

53.80 cm (21.18 in) 

40.74 kg/sec (89.81 Ibui/sec) 
201.6 kg/ sec-m^ (41.3 Ibin/sec-ft^) 
5.0 
1.60 
1.4Q 
2.09 
1.40 
2.45 
26 

0.325 

60 

60 

1.52 


Design speed, rpm 


16597 
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2.1 AERODYNAMIC DESIGN 





j The scale model fan rotor tested in the rotating rig vehicle was an exact 

I geometric scale of the NhSA Quiet Engine Program Tan C Sail! '3 single-stage 

fan* The scaling factor was determined as a ratio of the tip diameters 
r (21.4/68.3 = 0.3133). Fan C was designed as a high speed, lightly loaded, 

high bypass ratio fan with a low hub-to-tip radius ratio and large axial 
spacing between the rotor and bypass 0GV*s to reduce noise. In the Build 3 
configuration, the part-span shrouds were removed and the blades were twisted 
closed, resulting in improved aerodynamic performance. However, significant 
stall flutter was encountered below the aerodynamic stall line. Full details 
of the Fan C test prograin are given in Reference I. 

The aerodynamic design point for the scale model test vehicle was chosen 
to match a measured operating point at 100 percent corrected speed taken during 
Che full scale Fan C Build 3 component test. At this point, the measured flow 
conditions were nearly equivalent to the Fan C design objectives. The scaled 
total fan flow was 40.8 kg/sec (89.9 Ibm/sec), and the bypass stream stage 
pressure ratio was 1.61 with a stage adiabatic efficiency of 83.9 percent 
(slightly less than the measured peak efficiency at speed). The core flow 
stage pressure ratio was 1.50U. The vector diagrams obtained by an axisym- 
metric modeling of the full scale fan's measured flow properties were 
duplicated in the scale model rotating rig from the fan rotor inlet to down- 
stream of the flow splitter in the vicinity of the outlet guide vanes. 

Design stream-surfaces were established through the rotor along which flow 
area distributions were determined for use in subsequent blade element data 
analyses . 

Although the bypass and core OGV^' s were not exact scales of the Fan C 
geometry, they were designed to perform similarly so as to preserve the rotor 
aerodynamics while transitioning the flow smoothly into the test facility 
discharge valves. Pue Scale Model Compressor Test Facility, as discussed in 
Section 3.0, incorporated a single discharge valve rather than the separate 
discharge valves used by Fan C for both bypass and core streams. In order to 
set the bypass ratio, a ring of moveable vanes was installed behind the bypass 
OGV's to be used as a trimmer adjustment to the bypass flow rate. The main 
discharge valve was used to set the overall operati.ng line; see Figure 3. 

The map^r aerodvnamic factor that cannot be scaled exact Iv except ^v 
testing the model at impractical inlet pressures is the Reynolds number. 

Tht* effects Reviv^lds mimher on efficienc*/ and stall margin are known 
to be 'piite small if the abs(>lute level of tlu‘ scale mcuie 1 ' s Kevpidds number 
is greater than 3 1G>. Kevm^lds numbers lor the scale model fan are 

7 X PP at bO purcLuU sneed .and 11 x ina nt inn percent speed, high enmigh 
t' as'^iire aer^Hlvnunic perf<^rmance similaritv. 

2 . 2 M ECHANICAL DFSPhN 

The cotor for this program was a 11.3 percent ‘Jcsle of the NASA ()KP ran (' 
Build 3. The ae’-odynamic design was maintainei by incorporating an exact 
me trie a I scale of the airfoil shape, including tolerances, surface fin h, an<i 



•1 






tip clearance. The an ; ^ i a 

‘T‘ «.« sc^l-fo° putf”!?'' V**« of the 

5«10PS. airfoil ro s,,a„k offset, etc/ Ih e rot^ r ' loofiir,- 

-ne exact scale of overall rotor stiffnes. a ^ Provide 

steel. ==tiffness and was made of the same material, 


Their Campbell diagrai^r^r^^entL^al Ince'^Je^ rotor. 

for both fan si.es. Lt^ewLe Percent' speeds 

Lan'’ incidence angle. 3 tiiaction 

loads and air loads are directly scalable dff nntwist due to centrifugal 

atrfoa mechanical parameters. *' T^ble III summarizes the 



Table III. Fan Blade Mechanical 3ummar 


No. of Stages | 

1 

Biaie Type | 

Cant i lever 

Material 

Ti 6-6-2 

Nb 

26 

Diaxip 1 

53.14 cm (20.92 in) 

Lsa i 

j 

15.49 cm (6.099 in) 

(Rh/Rt^LE 1 

0.36 

Chord: Root 

Tip 

6,46 era (2 . 544 in) 
8.92 era (3.510 in) 

Aspect Ratio (Root) 

2.40 

t^/c: Root ! 

Tip 

1 

0 . 1 14 
0.027 

Stagger: Root | 

L ip ! 

6.47 deg 
71.11 deg 

j 

Camber: Root ! 

Tip ' 

91.098 deg 
- 1 . 664 deg 

So 1 id it y : Root 

2.414 

Tip 

1.389 





3.0 


TEST FACILITY 


3.1 GENERAL 


The stall flutter test program was conducted at the General Electric Co. 
(Evendale, Ohio) in Cell A9 of the Component Test Facility, located in Build- 
ing 303. The equipment room and test tanks are located on the first floor of 
the two-story structure, while the control room and data recording center are 
located on the second floor. Thie test facility consists of three tanks, each 
3.05m (10 ft.) in diameter by 8.23m (27 ft.) long, which are mounted horizon- 
tally and interconnected as shown in Figure 4. The two outside tanks, East 
and West, are the test chambers, serving as the inlet plenum chamber and hous- 
ing the test compressor unit, the facility throttle valve, and the test com- 
pressor after-coolers. This flutter investigation test program was conducted 
in the West tank. Tlie cent-r tank, called the booster tank, houses the 
booster compressor, booster compressor after-coolers, booster bypass valve, 
and flow measuring sections (four calibrated venturies). 

The facility’s power is supplied by a 3.356 M Watt (4500 HP) electric 
motor operated in parallel with a 61 cm (24 in.) diameter single stage ’’non- 
constant work" high-pressure turbine to provide up to 6.338 M Watt (8500 HP) 
at 20,000 rpin, 

T\\is test program was conducted in the open cycle (ambient condition) 
mode. In this mode, cooling air was provided Co Che West tank by diverting 
the high pressure turbine discharge air into the test chamber, as shown in 
Figure 5, to maintain a constant inlet temperature of 15. 6** C (60* F). 

An inlet filter system was incorporated to minimize erosion and con- 
tamination of the instrumentation systems. 


3.2 DATA ACQUISITION 


On this program, data was acquired with analog and digital data recording 
systems, and with on-line photographic equipment. 


3.2.1 Aerodynamic Performance Data 

, ,4 - - .. 

The Digital Recording System, which is part of the ovf^rall s vs tern for 
acquiring performanc*^ data, was used to obtain steady-state pe r f ^nmanc meas- 
urement s. On-line processing of performance data was provided by a data 
transmission link between the test cell digital system and the computer ( <IE 
^35) in the I nt t r'lment at ion Data Room. Prior to performance c a 1 cu 1. at i<kis , 
all data was ave/iged, converted t<i engineering tinits, e r ror- : -*s t ed for pre- 
ie fined limit f;olerances, and then printed and stored in a data bank system. 
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Air Turbine 












\ A Burr-Brown Analog Computer system was primarily used to provide on- 

I ^ line computations and monitoring of weight flow and pressure ratio. These ^ 
j real-time parameters were especially valuable in setting desired test condi- 

f t ions . 

i 

Sanborn recorders were used to provide a permanent chart of transient 
I- data. In addition to aerodynamic parameters, the Sanborn system was also 
used to monitor system vibration accelerometers for vehicle safety. 

Unsteady data from stationary instrumentation was recorded on analog 
^ magnetic tape operated at 152.4 cm (60 in) per second to obtain the high 
frequency content of the signals. 

i 

[ 3.2.2 Aeromechanical Data 

i The data acquisition system for dynamic stress signals consists of a 

28-channel tape recorder with a selector switch providing either AM or FM 
L playback, plus signal conditioning pre-amplifiers, oscilloscopes, and 
spectrum analyzers. 

^ To record all the instrumentation measurements, four complete systems 

; were used on this program: 

1. Data from rotating instrumentation, such as strain gages and blade- 
mounted hot films and kulites, was analog recorded at 76.2 cm (30 
in) per second. 

2. This data was also digitized via the FFT/computer system and stored 

on disk for post-test analysis. The FFT/computer system has two 
on-line modes of operation: the gapped data mode which provides 

continuous real-time processing and display of data, and the contin- 
uous data mode which allows the data to be digitized and written to 
computer disk. Some of the data was processed on-line in real time, 
but to minimize expensive test time, all of the data was digitized 
and stored on disk. 

3. Blade deformatioa data was monitored on-line and recorded on analog 
magnetic tape. 

4. The steady deformations were recorded primarily by photographs, and 
the unsteady deformations were digitized and stored on disk for post- 
test processing. 
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INSTRLTMENTATTriM 


i general 

2.£rHSi;£"““-™ i-... 

Table IV summarizes the^ n j 

^sed. This summary defines aeromechanical ins. 

on each test and u,h . types and quantities nf ■ ’■"^trumentation 

INST., 

M"a£llHFl“"r"“^ ‘ Of fKo 

p»tai,ed ":. LT jr^r’ 

-f'o- - 
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^:f PIXELS S 


Aerodynamic unsteadv n,- 

"-suX-Uh" mL"— " *P^E«« 7a"d‘„"* "‘I P» -f 

cu witn blade-mounted sensors • casing over the blade t i r. 
dynamic probes. en&ors, casing-mounted sensors sJ ? ^ 

ensors, and traversable 

ar.oX?ls“X'L''i'"“?- pressure transducers (KuHte ■ . 

riun and to obtain t°h‘ n‘''e"’' ''“'‘'p '>'pdes to define I " f‘‘" 

'^t'aC Pround the ai rLu^ Th^h ‘'>'PP'"rr prL‘X''dV,‘''“n'‘"””’ 
Additional qualitat ve chondlu,^''""''’ P"pXerTX a“‘ 

- -d p^rfo.i and u^^‘:t1o„:-rt^"„":"^^7-- ' 

16 ‘■i-nin a t-lade passage. 









Figure 6* Rotating Rig Instrumentation. 



Table V. St eady**St at e Aerodynamic Instrumentation Locations, 




Table VI. Static Pressure Tap Locations 


Location 


Circumferent ial 

cm 

(in) 


Location, ALF-CW 

-61 .0 

(-24.0) 

55* 


-57.2 

(-22.5) 

55*. 

115*, 175\ 235*. 

-38.1 

(-15.0) 

30* 


-25.4 

(-10.0) 

30* 


Inlet Duct -8.4 

(-3.3) 

55* 


-11 .95 

(-4.704) 

0* 


-7.48 

(-2.945) 

0* 


-4.85 

(-1.911) 

0* 


-2.23 

(-0.877) 

0* 



Fan Inlet 

-1.27 (-0.50) 

0.00 (0.00) 
0.64 (0.25) 

1.47 (0.58) 

Above Rotor 

1.83 (0.72) 
2.21 (0.87) 
2.59 (1.02) 
2.97 (1.17) 
3.35 (1.32) 
3.73 (1.47) 
All n 


Fan Exit 
Bypass Duct O.D. 


10.67 (4.199) 

22.62 (8.906) 



■ 

Bypass 

OGV Exit O.D. 

26.42 (10.40) 


Fan Exit 

10.67 (4.199) 

105*, 

Bypass Duct I.D. 

22.62 (8.906) 

40*, 1( 


Bypass OGV 
Exit I.D. 


26.67 ( 10 . 50 ) 




Fan Exit 
Core Duct O.D. 

12.58 (4.951) 


Core OGV 
Exit O.D. 

18.03 

(7.10) 

Core 

Exit O.D. 

32.26 

(12.70) 

Fan Exit 

Core Duct I.D. > 

12.58 

(4.951) 

Core OGV 
Exit I.D. 

18.03 

(7.10) 

Core [ 

Exit I.D. 

32.26 

( 12.70) 


• . 90* , 

150 

5*, 225* 

. 3 

5\ 225* 

. 3 

*. 90* , 

150 

5\ 225* 

, 3 

5\ 225* 

. 3 










Table VII. Pitoc Static Inlet Rake Immersion-; 


Immers ion 


A 

B 

C 

D 

E 

F 


Rad ius 


cm 


25.631 

23.193 

20.447 

17.275 

13.388 


( in) 


( 10 . 091 ) 

( 9 . 131 ) 

( 8 . 050 ) 

( 6 . 801 ) 

( 5 . 271 ) 


7.7241 ( 3 . 041 ) 


Percent* 
Immers ion 


4.27 
13.38 
23.63 
35.48 
50.00 
71 .15 


Z 

Axial 
Locnt ior. 


cm 


- 57.150 

- 56.672 

- 56.195 

- 55.717 

- 55.240 

- 54.762 


( in) 


(- 22 . 500 ) 

(- 22 . 312 ) 

(- 22.1241 

(- 21 . 936 ) 

(- 21 . 748 ) 

(- 21 . 560 ) 


From the outer 


casing 
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^/.D and ,,. oercan: span, with fjur Xulites on each of tour b’ad^ -tacion^, 

(conv-xrind ore"'^"r’^''‘"'' patred so as to measure data on the adjacent s^tion 
Fi.^urJ'-' ■ ° --oncave) airfoil surfaces facing one common flowstream 

t^ure , snows cnordwise Locations of the blade-mounted Kulites a' ana '-ith - h-l 
ctrcumterenttal positions of the four KuUte instrumented blLes!’ 

Problems were encountered with these Kulites due to the techniaue „seH r. 

7uTr the'b’L^''^ a. development program was conduc ed o 

alter the b.ade mounting technique for the Kulites to improve their resp^nL 

sensor'^life in'^T sensitivity and to maintain more adequate 

in Section 4 3 1 "^his new mounting technique is discussed 


ti,n ^'^ated then film sensors were applied at one radial posi- 

shows ^ame flowstream. Figure 8 

chordwise 'oca'-’on { 'ic i-h.^ i ^• a \ sensor on each blade had a common 

nat^lT " a - U-ading edge) and the remaining sensors were alter- 

nately spaced as t runction of percent chord from the Leading edge Fieurl 8 
a. so depicts tne c i r cumferent la 1 location of the hot tUm blades ' 

iKulitr;''’t;' 7 'T'’r"''‘' ^>-na.ncv Jvnamic pressure transducers 

Nul tes located above tne rotor blade ttp were installed on two axia' lines 

,fd K^H Table IX and depicted in Figure 9 relative ^o the 

cold blade tip position. These Kulites were used to investigate the sho“ 

^a-i^n V on the local boundary Laver. Of the twelve 

casing-mounted Kulites used, three were located at the tan inlet eizht over 
tne blade tip, and one directly aft of the fan rotor. 

A static pressure tap was installed at the same axial station as each 

In aM f instantaneous total unsteady pressure behind the rotacir.i^ staae 

tancj along’thrtua transducers provided parallel measurements sJme di^- 
nce along tne total pressure tune trom the element inlet. The DC out-r >1 

rmnlers^r w^i h'i' 'i 'in'"'’ the probe for each radial " 

imm.rsion, which is heH at. i constant DC value. The location of this m he 

rBbirBan immersion: 

vaw ,h. K„In.. .,U„...u, Tl... ,l.„ «.,ll pr oof „,i 1„ L ^ 

iar-1 u. fl„„ a„,,p v,r,.uu,n,. Tlu , p. O.. 

u*sia[[ed at. trie same location a.s the ?j v iw nrobe. 

Two x-array, triversable. heated ihin-film anemometer probes were „se.l i, 
>ntain two-dimensional fluid flow infirmation Th c 

<7- . ■ ■ li .i)w inrirmation. These probes meas.jred tne mass 


f 1 'IX 

Ov. ) 


in tne axial ( oV-O and in the circumferential (tangential) directini 


\ » I. , . • - ^ 'a 1 1 ic. c 1 1 L I I / j 1 r r 1 ui 

located fyr-:arr::V-"‘-’'-‘’™""''-'’"'' was 


- ^ ^ ‘ J i L a V u t k j o » ? 

a. ot the rotor as shown in Figure h and Tabln X. 
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Table IX. 


Casing-Mounted Kulice Locations. 



Z 



— 



Ax i a L , 





Location 

^ C i rc umf e rent 1 a 


cm 1 

( in) 

Location 

» 

ALF - 


0.00 

(0.0) 

3” 

4- 
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Fan Inlet 

0.64 

(0.25) 

8’ 
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1.47 

(0.38) 

8“ 

4- 

d 


1.83 

(0.72) 

8“ 

4 - 

d 


2.21 

(0.87) 

8* 

_ 
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2.59 

( 1 .02) 

8“ 
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Above Rotor 

2.97 

(1.17) 

8^ 
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(1.47) 

3* 
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casing based on full rotor exit ann 








I '- probe's output is an instantaneous analog voltage level as measured by the two 

orthogonal wires of the probe. From these measurements, steady time-averaged 
values of mass flux were obtained and unsteady values determined from the 
perturbation about the steady values. 

I 

I 

^ 4.3.1 Blade-Mounted Kulite Sensor Calibration 

f — 

I *'' During initial testing with the rotating rig, the Kulites were simply 

epoxied into countersunk holes in the blades. Unfortunately, this application 
technique made the Kulites extremely sensitive to mechanical strain induced by 
blade vibration. 


In response to this problem, an improved technique for installing Kulite 
sensors was developed. The Kulite transducer is attached with epoxy to a 
glass tube which is isolated from the blade with RTV as shown in Figure 10. 
About 10 percent of the glass tube is epoxied to the blade, which maintains 
reasonable operating reliabity in a centrifugal field while minimizing the 
influence of the blade strain. Table XI lists the bench test calibration 
results with this new application along with those of the original application 
method. Strain sensitivity in the first flexural mode was reduced to within 
the measurement accuracy obtainable in the laboratory. But for the first 
torsional mode, the strain sensitivity remains significant - even after con- 
sideration of transverse g-loading effects which are much greater in torsion 
than in flexure due to the higher vibratory frequency. Moreover, the sensors 
were oriented in the airfoil to minimize strain sensitivity in the flexural 
modes. This may be the major factor contributing to the high torsional strain 
sens it iv ity 

In summary, the new installation technique for the blade-mounted Kulite 
sensors successfully reduced their sensitivity to mechanical strain induced by 
the blade s flexural vibration. It worked somewhat less successfully in the 
first torsional mode. 


4 . 4 AEROMECHANICAL INSTRUMENTATION 

4.4.1 Blade Deformation In s t r ume n t a t i o n 



The primary objective of the blade deformation measurements made during 
this program was to determine the t iiae-averaged (steady) and unsteady changes 
in stagger (untwist) and camber (chordwise bending) of the test stage while it 
operated at the onset of instability and while it was in instability. These 
measurements were made with bifurcated fiber optic scanners (light probes) 
mounted in the casing. A total of 14 sensors of three different types were 
utilized to obtain complete airfoil de format ions . The locations of these 
light probes are shown in Figure 6 and schematically depicted in Figure 11. 

Eight of the light probes were located on the casing over the blade tip 
section and aligned with the calculated 100 percent speed blade tip stagger 
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Ta e XI. Results of Blade-Mounted Kulite Laboratory Calibrations. 


Spaawise | | 

de Location Freq 

(Surface) Mode (Hz) 


a. Former Installation Techniq 


75^ S 
(CX) 


75% S 
(CC) 


87.5% S ‘ IF ' 122 

(CX) : 2F 400 

j IT 910 


Kulite 

CC 

— 

A 

B 

^ c 

D 

CX 

A 

B 

C 

- 

D 

% c 

n 8% 

20% 

40% 

50% 

n 60% 


j 87.5% S 
! (CC) 


IF ' 120 

2F I 384 
IT I 874 


75% S 
(CX) 

75% S 
(CC) 


IF I 120 
IT ! 880 

IF I 122 
IT 888 


87.5% S : IF 118 

(CX) , IT 900 

87.5% S IF I 116 

(CC) IT i 874 


0.052 

0,545 

0.256 


0,052 

0.391 

0.216 


0.110 

0.616 

0.216 


i 0.061 
i 0.784 
; 0.354 


0.188 0.009 
0.571 0.072 

0.506 0.101 

0.024 
0.158 
I 0.179 


0.038 

0.008 

0.050 


0.007 

0.055 

0.204 


Installation Technique 


< 0.02 

0.226 


< 0.02 < 0.02 

0.062 0.064 


' - < 0.02 

I - 0.113 

< 0.02 < 0.02 

0.191 0.164 

< 0.02 

0.065 


< 0.02 

0.02 

< 0.02 

0.062 

< 0.02 

0.050 


Kulite 


0.014 

0.008 

0.245 


0.056 

0.077 

0.071 


< 0.02 

0.032 


0.023 

0.024 


< 0.02 

0.072 

< 0.02 

0.084 

< 0.02 

0.062 

< 0.02 

0.050 


response normalized to 6.894 N/cm2 (10.0 
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angle. This allowed for the measurement of blade tangential displacement from 
which the blade tip untwist and chordwise bending could be calculated. Two 
axial deformation light probes were incorporated in the casing over the blade 
tip leading edge to measure the time averaged axial location of the rotor blade 
tip leading edge. Two laser light probes were located on the casing forward 
of the rotor to measure the leading edge deformations at 60 and 87.5 percent 
span locations with two 16 mm (0.0625 in) reflective targets strips located on 
the blade convex (suction) side. Two laser light probes were also located on 
the casing aft of the rotor to measure the trailing edge deformations at 60 
and 87.5 percent span locations with two similar reflective targets strips 
loc:ced on the concave (pressure) side of the blades. The laser light probe 
systems were incorporated to measure blade untwist at the selected spanwise 
locations. Posttest measurements showed the lasers to intersect the blades at 
57.2 and 78,9 percent span. 


4.4,2 Dynamic Strain Gages 


The rotor was instrumented with 26 dynamic strain gages, one on each 
blade at the same location - near the leading edge at about 15 percent span 
from the blade root on the pressure (concave) side, as shown in Figure 12. 
For reference, Figure 13 shows the circumferential location of each blade 

ident^ied by their serial number, strain gage item number, and rotor slot 
Local ion. 


The gages were located to be sensitive to the first three modes of vibra- 
tion most representative of flutter. These gages were used for safety moni- 
toring as well as for measuring such blade dynamic characteristics as fre- 
quency, vibratory stress amplitude, rotor modal content, and phase angle at 
selected operating conditions. B1 ade-to-b lade phasing was obtained while 
operating at the onset of and within instability for selected data points. 

Strain gage signals were continuously monitored and recorded throughout each 
test. 


The strain gages were used as the fundamental basis of identifying flut- 
ter, making general diagnoses, establishing a reference for comparison of other 
mechanical and aerodynamic data, and for immediate interpretations allowing 
control of test conduct and test safety. 


5 ROTOR POSITION INSTRUMENTATION 

An accurate rotor position signal is required for timing and data corre- 
Ucion purposes for the analysis of the data obtained from the aforement ioned 
special instrumentation. The timing signal (1/rev) was obtained from one of 
the four magnetic pickups located at the rotor hub seal as shown in Figure 6. 
Figure 14 shows their circumferential locations. The 1/rev signal was then 
transmitted to an electronic shaft angle encoder which can generate any user- 
selectable number of pulses (between 1 and 99,999) in the time interval 
between successive 1/rev pulses. Here the snaft encoder was used to generate 
the 26/rev, or 1/blade, signals. 
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5.G DATA ANALYSIS PROCEDl'RES 


This seccion discusses the data acquisition and aralvsis procedur-^s used 
to obtain quantitative data tor both (1) tue steady and unsteady flowtield 
surrounding the fan rotor and (2) trie rotor's mechanical state in both the 
Steady and flutter modes of operation. 

The principal data analysis tool used for this program was the FFT/com- 
puter system. In addition to on-line analog-to-d ig i t al conversion and disk 
storage of test data for post-te^t processing, the FFT/compuCer system pro- 
vided spectral analyses of the data using the well known fast Fourier trans- 
form (FFT) . The spectral analyses include generating the direct Fourier 
transform (DFT), the inverse Fourier transform (IFT), the power or auto 
spectrum^, ^ and the cross spectrum. (It should be noted that the term "linear 
spectrum", used throughout this report, refers to the square root of ttie auto 
spectrum. ) 


5 . I STL.aDY At RODYNA.M IC PE.RFOki - lANCE DATA 

•Measureu data needed to calculate ti-.e overall performance and Made ele- 
ment data of the scaled Fan c rotor were obtained fr >m the fixed and travers- 
able instrumentation described in Section 4.0. 

3.1.1 Calculations of Overall Fan Performanc e 

Performance data for the bypass scre.^an were obtained hv measuring total 
?ressu-e and total temperature with instruments located in the inlet duct and 
with three 7-element radial rakes located on the leading edge of the bypass 
CGV's (see Figure 6). Performance data for the core stream were obtained by 
measuring total pressure and total temperature with the inlet d'lct instrument 
ar.d with three 4-element radial rakes located in front of the core OCV s 
( s ^ e F i gu r e 6 ) . 

fan stage bypass performance was estima.ed f.->r tlie Rotating Rig. Instru- 
mentation was not used rehind the bypass (, GV to measure flow losses. As a 
result, a t epivsentat ive radial distribution was assumed for the value ,\frhe 
bypass OGV loss coefficient. This distribution corresponded to Fan C measur-d 
values in the intermediate operating rang.* between peak efficiencv and s-al! 

Inlet properties were decermine<l from measurements of total t - mperat ur-‘ , 
total pressure, static pressure, and water-air ratio. Tnal ^emper•^t•lre --as’ 
1-fined oy t!ie arithmetic average of r-Nidings from the mle; sc,-..en ^h.^rm—- 
couples, corrected for static-wir- calibration factir;. Total and stiti- 
pressures were defined by the arithmetic average of the readings fr nn the f .,ir 
b-element radial inlet rakes. "niermodynami c relationships and real ^as nr in- 
ert les were used to compute Stagnation enthalpv, inlet ph i - f unc t ion , and inle, 
flow. 
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Rotor exit properties <it .iiscrete immersions were leternined tr)m me.i- 
sareinents ot total t empe r a t u i e , total pressure, and flowpatd surface static 
pressures. The total temperature and total pressure wt.'re viefined by the arith- 
metic average of the readings from the three rake elements at each immersion. 
The staci: pressure was based on a radial linear interpo lac ion between aritn- 
mecically avera^^ed hub and casing static cap readings. Corrections were made 
Co the average temperatures for static-wire factors and Macii number effects. 
Thermodynamic relationships and r gas properties were used to find values 
of stagnation en/nalpy (actual and i-^al), exit ph i-f uncC ions , velocity, and 
density at each immersion. The local mass flow associated with each immersion 
was calculated with an effective flow area consistent with the static pressure 
leve 1 , 

Rotor exit properties were mass-averaged usine the local immersion values. 
Specifically, the following properties were computed in both Che bypass and 
core streams: actual stagnation enthalpy, ideal stagnation enthalpy, and exit 

ph i- f unct ion . From these prooerties the rotor performance parameters of 
adiabatic efficienev and rotor total pressure ratio were calculated. 

j-low deCeniuned ’v.* suminitiy rue !>cal immersion flows at each of the 

turee calculation planes. Core stream f L rw was also computed at the core duct 
exit trv^ci the arit’umetic average values )f pressure and temperature. Total 
tan tlow was : ndependent 1 y measured by tne facility venturi flowmeters. 

Bypass ratio was calculated from the core duct exit tlow and the integrated 
inlet rake flow. 


5.1.2 Calculations of Blade E lement Data 

Blade clement data were computed in basically the same manner as done in 
Che NASA/GE ATT Fan Program, Reference 2, Blade element sections were chosen 
parallel to Che calculation stream surfaces of the scale model design point at 
1()0 percent c<'rrected speed. Pu^se sectii^ns passed through specified immer- 
sions defined as a percentage of the average blade height. For t’ne bvpass 
stream, the sel^^cted immersiotis wer-» 5, 10, 1 5, 30, 50, bO, and percent 
annulus from the blade tin, and for Che cor^^ stream, the immersions were Pn, 

^ 5 , 90 , and 9 5 percent . 

Rotor blade element lata were c a I c u I at erj using an ax i s^rnine t r i c streamline 
analysis procedure, Pi i s method used Che measured riviial distributions )f 
tual temperature and total pressure obtainerj from the fixed rakes, Sruh for- 
warl and att ot ^he rocer, plus some wall static presstire measurements, t ) 
cah'iiKite all other fluid pr)pertie<; and vector diagram parameters un ax i - 
s;.anmetric stream surfaces. The analysis iteratively selected streamline 
slvipe, 'urvature, and strear^line radial position at each calculation s uion 
to sat i sty t’ne ecjiat i-ons ot on t j. mi v r y , enur.-:v, ,and radial e 'pj i [ i b r ; > im . The 
as>:inel axial d i s t i Tpu t io ns ')t ef tnr t ive-area coo f f i - i ..^nt s (or blo'^age^- 
neori».n by the analysis were initial ly .dn^sen i (id i v i rlu a 1 I v to mat'd t!ne wall 
statp; pressure data ot eacn reading. '^hen substantial <lifterences in 
these d i St r ihiic i')ns were f<aund among the first eighteen readings, a con^r»-int 
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sec ot values was us.d. The assumed duct losses in tot I nr. 
exist aetween the blade edt-es and the n,.. ^ pre.svire Known to 

tUiid near the flowpath walls sn i r- •s'-*cemenc pi ines were eonfined to tlie 
th. bo„n.J,3rv W '>"•« ■>« -<«, fr.» 

relative total pressure u"ss an^ , C^^rdwise distributions of 

by matching the measured axial* stlti' ore'^ tiroogn the tan rotor were selected 

transitioning into quarter-sine wave^dis Cr ibut ionf " ''P’ 

tions. Fluid properties at the rotor t across the subsonic hub sec- 

c!ie spliccer stream' so smooth blp ^ continuous across 

data and core sttsa. dale “gure U ulCstrate^h^''^^ ""“r'" 
measured data, showing radial profiles of total'lr.r *"alysis modeled the 

the four data points analvaed a long tL 95 eL ! "I ? for 

are not continuous between bvoass an i ^ ^ speed line. The profiles 

come from the measurement planes which^^Ir because the plotted values 

effects of throttling ^i.h 'rr f =^eparated by the splitter. The 

apparent. P''-'’'^-nced m the fan tip region, are 

eaca points of Build Tfor ^wh i^V^Lw-'^e pr'^r^’'^ 

static pressure were obtained. This me^iol ' a ^ angle and 

^Jecermine all fluid probertit^s An \ ^ na sutticient <iara avail<ibh> to 

planes without a stream ine In, ^si-'^'h"'’ P^^rameters at the measurement 

of cne first method. 

edges by applying continuitv conservation If Planes to blade 

niomenc of tangential momentum along stream surflllf 

the streamline analysis. The results obtain.! r) similar to those used in 

Figure 15 for a 's.ample reLlIg tie leal-Mut;! ’ 

rected speed. At all bvoass imm r-; . l-itter point at -0 percent cor- 
and deviation angles diffusion facr'^'^^’ ^ agreement between incidence 

Vhi. lu.. „f hh, "hl,:; -uflrmed f,„ 

quuht „,ud fixed ran. measurumem , ’ ly " ” 


:) . . 


STRAIN GAGtS 


a a 


Vibratory Re s po n s e 


hach blade was i n st rume nt ^-'d wit!> opp avnami , af ■ 
would respond to the blade's firs'- thr-. k '’train gage located so it 

12. The flutter res ponlrwls St ; i ’a ‘ ^bown in Figure 

signals in terms of stre.ss .imp'litliir. fllire'^-'' tape-recorded strain gage 
T!ie stress ampli'ucle f.ir each Mad ' "I'lericy , .>(iu interblade phase angle. 

.•■K” signals in terms of ovI’aM r": li:::;'’"' 

tr^qiienc*' Thp k ^ “Stress levels filt^r^^d at 

'"-i.n.. „„d v..yh':d-h.'.^:h:‘:^;:.,:;!”i:;:,' ''-™. 


S ’ 


In t e rb I ad ^ ,i s e A ng I p 


intprblcidf, pliasb* a.ij^lps w^f' 
pritv. ipil data analysis m*^thoas: 


■lyermined from the strain gaee data Sv two 
analog phasemeter time history analysis 





and (2) FFT cross spectral analysis. Further verification was also obtained 
by on-line phas ing analysis and by phasing of individual waveforr:is from tape 
pi ayb ack . 


3-2.3 Phasing of Rotating ^ ns t rument at ion Signals 

Phasing between a reference strain gage signal (different reference strain 
gages were used at different speeds) and the rotating b lade-mount ed Kulite and 
hot film signals was obtained with the FFT cross spectral analysis using the 
continuous time histories. 


5*2.4 Phasing of Stationary Instrumentation Signals 

The true, unsteady amplitudes and phase data were determined using the 
digitized time records corresponding to instantaneous measurements for the 
selected sector of blades (200 consecutive data points, see Figure 16) acquired 
over 1 2d rotor revolutions. However, in this case, the time frames were not 
ensemble averaged (Figure 17) as they were for steady data - instead the per- 
turbations at selected discrete time points (discrete circumferential loca- 
tions) were used to establish the unsteady ch arac t e r i s t ic s . Figure 18 illus- 
trates the approach used to assemble frames of unsteady data that correspond 
to different discrete circumferential locations in the rotor coordinate system. 
Similar frames of data were assembled for the reference strain gage signal to 
provide a common reference for phase calculations. 

As a result of this approach, the unsteady component of the signal 
obtained from the stationary sensor was sampled for a specific rotor circum- 
ferential location at a sampling rate equal to the rotor speed, i.e., a rate 
of one sample per revolution. Hence, sample points were obtained at a fixed 
spatial location relative to the rotor coordinate system, thereby achieving 
the same result that would be realized if the stationary sensor were rotating 
wLtn the rotor. Therefore, a coordinate transformation from the stationary 
coordinate system to the rotor coordinate system was achieved for the fixed 
sensor by the 1/rev sampling. The timing of the extracted data was controlled 
to be constant by reference to the 1/rev clocking signal. 

Comparing Che 1/rev sampling frecpiencies with the corresponding instabil- 
ity frequencies in Table XII, sliows that the former were clearly not high 
enough to meet the Shannon sampling criterion, which specifies that the sam- 
pling rate must be at least twice as high as the highest frequency lof interest 
in the signal, Tlie only recourse was to employ deliberate aliasing to trans- 
late the frequencies of interest, namely the flutter frequency and its com- 
ponents, into the Fourier analysis range. The time histories constructed by 
this l/rev sampling at discrete circumferential locations in the rotating 
coordinate systems, and the resulting FFT aliasing of the frequencies, are 
referred to throughout this report as "aliased time histories." 
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Actually, two different techniques were used to obtain phase infor- 
mation. One was to alias all the flutter frequency components in the total 
stationary sensor signal (the stationary sensors see the instability at many 
frequencies). The other technique was to extract individual spectral com- 
ponents from the direct Fourier transform linear spectra of the time history 
sample, then perform an inverse Fourier transform on these components to 
obtain the corresponding time history. This results in a time history for a 
single nodal diameter plus its harmonics, which are at multiples of the blade 
passing frequency. Proper l/rev sampling of this nodal diameter's time his- 
tories (128 of them) permits the phasing analysis with the reference strain 
gage signal similarly sampled. This second technique was used only for the 
cas ing^ount ed Kulites, 

Now, when the relative phase between point A in the flowstream and point B 
on Che reference blade is determined and Che relative phase between point C in 
the flowstream and point B on the refere[ice blade is determined, then Che rela- 
tive phase between points A and C in Che flowstream can be obtained from Che 
difference between the two relative f 1 ows t ream/b I ade phase angles. 

5.3 BLADE DISPLACEMENT DATA 

As discussed in Section 4.4.1, three different light probe systems were 
used to measure blade de format ions . However, problems were encountered with 
Che axial and spanwise deformation measurement systems. The axial deforma- 
tion light probe system was inadvertently mounted on the casing so that, when 
operating at speed, the blade tip leading edge was forward of the light probes. 
T>ius no useful axial deformation data was obtained. During Test 3 the laser 
light probes did not work properly when oil becnme embedded in b I ad e-mount ed 
reflective strips because of a facility oil leak during flutter testing. Hence 
most of Che blade d i spl a''emenC data was obtained from the cas ing-m(:mnt ^^d blade 
tin light probe syst*^’m. 
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5 ■ 3 . 1 Steady-State Deformation 

5 • 3 . I . L Tangential Deflections 

The steady tangential deflections were determined from on-line Polaroid 
photographs taken of a four-channel oscilloscope multiple sweep display (the 
signal displayed in these protographs shows the passing of a single blade over 
^everal revolutions). The triggering of the oscilloscope could be controlled 
to delay the display to show subsequent blades, one at a time. Thus, separate 
records were obtained for individual selected airfoils. The scope display 
allows graphical measurement of the elapsed time between the electronically 
generated 26/rev clocking signa' and the blade light probe signal. This ^ 
elapsed time was converted to time averaged displacement using the scope 
sweep time and the measured rotor speed. 

=.K ^ow ^reflectivity of the oil embedded reflective strips mentioned 

above made the photographs of the laser light probes verv blurred. Photo en- 
hancement techniques were considered, but the onlv practical "enhancement- 
tor toe on-line photographs was to enlarge them and either manually measure 
tae enlargements or digitize them. It was felt that sufficient accuracy 
..ould be obtained by carefully measuring the on-line photographs, exer- 
cising engineering judgment regarding the blurred light probe traces. 

^^®°^^'^®/i®Pl3cemenC, the measured blade displacement rela- 

hlr J " 5 '' P°i"t of interest must be compared to 

at zero speed. The zero speed reference used here was 2000 rpm, 
where the blade displacements were assumed to be negligibly small. In addi- 
tion to the two relative displacements mentioned above, it is necessary to 
know the location of the 26/ rev relative to the J/rev signal at both the 
speed point and at "zero" speed. The only special instrumentation data points 
where the above data was obtained so that absolute displacements could be 
determined were the 65 percent speed torsional flutter point, the 70 percent 
speed intermediate operating line (lOL) point, and the 90 percent speed 
tlexural flutter point. ^ 

5 . 3 . L . 2 Blade Untwist 

tangential tip deflections at the leading edge and the 
•af mo.st chordwise location where light probe data is available, one can 
calculate the blade tip untwist angle experienced by the blades at various 

operating conditions. Tliis determination requires only the relative tangen- 
tial displacements. ^ 

3 . 3 . I . 3 Chordwise Bending 

Tlie relative tangential displacement data at the blade leading edge 
mid-chord, and trailing edge were used to estimate the chord-wise bendini 
during various operating conditions. The change in the angle formed hv che 
line from the leading edge to the mid-chord and the line from the mid-chord 
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r Co Che Crailing edge was used Co indicaCe Che amount of chord-wise beadin'^ at 

t Che blade tip. 


' 5.3.2 Unsteady Deformation 

5. 3. 2.1 Tangential Deflections 

L ■“ — ■ — ^ — ■ — 

^ parallel with the time averaged steady deflections, the unsteady defor- 

mation amplitudes of the blades were digitally acquired on-line by the FFT/ 

' system. Data from the eight light probes was not recorded simul- 

taneously. Due to buffer storage limitations (4096 samples per buffer), the 
j FfT/computer software was designed to acquire the 128 revolutions of data from 

one light probe at a time. If more than 4096 samples were recorded, more than 
one buffer would be required, causing some delay due to writing the buffer to 
disk. This delay could result in gapped data and/or shifting of the data 
within the buffer causing problems in determining which sample went with which 
blade . 

The data acquired is the final voltage level of a ramp signal generated 
by external electronic hardware and terminated by the occurrence of”a light 
probe signal. Each of the 26 ramp peaks (one ramp is generated per blade) 
were recorded for 128 revolutions. Then, for each blade, the 128 samples had 
the minimum voltage subtracted so that, knowing the ramp sUpe. the double- 
amplitude vibratory displacement was calculated. 


5 -3. 2. 2 Deflection Phase Ang les 

Tlie interblade phase angle data was obtained by the FFT cross spectrum 
^f'^^ysis of the blade deflection aliased time histories. (As discussed in 
Section 5.2.4, 1/rev sampling results in aliasing of the flutter frequency: 
■■ nence the term aliased time histories.") The time shift of the recorded 

, data due to the light probe sequential sampling of the blades is accounteo 

for in the phase data. 



5.4 BLADE-MOUNTED SENSORS 


Quantitative and qualitative measurements of the flowfield within a blade 
passage were made with two kinds of blade-mounted sensors: dynamic pressure 

transducers (Kulites) and heated thin-film anemometers (hot-film sensors). 
Problems were encountered with both of these sensors, primarily the mounting 
technique for the Kulites (see the discussion in Section 4.3. T), the tempera- 
ture compensation for the hot-films, and the induced strain sensitivitv for 
both. 


The rotating bridge for the hot-film sensors was mounted in the rotor 
shaft to eliminate slipring noise from the hot film signal. The temperature 
environment in the shaft was not accurately known. During the veliicle check- 
out, the hot-fLlm signal sensitivity appeared adequate but gradually diminished 



to low or .^erc output as the testing continued. System modifications were 
made, but despite these changes, the hot-film data recorded was unusable for 
analyses in this program. Therefore, hot-film data is not presented in this 
report . 


5.4,1 Kulites 


The blade-mounted Kulites were positioned to survey the unsteady pres- 
sure at two radial stations, one each on two pairs of blades (see Section 4.3). 
The data was measured on adjacent suction (convex) and pressure (concave) blade 
surfaces facing one common flowstream. Amplitudes were determined from the 
tape recorded data playback in the form of overall levels and waveforms. 


FFT analyses of the blade-mounted Kul 
samples averaged in the frequency domain, 
was accomplished by acquiring successive s 
ated with the 1/rev trigger, obtaining the 
adding the transforms together, and dividi 
quency averaging was done because it prese 
whereas time averaging does not. 


ite data were performed using 20 
Averaging in the frequency domain 
ample time histories — each initi- 
Fourier transform of each sample, 
rg by the number of samples. Fre- 
rves the non-synch ronous response 


Cross spectral 
t ive to a reference 


analyses were used 
strain gage signal 


for phasing the pressure 


signals rela- 


5.5 CASING-MOUNTED KULITES 

Since stationary sensors see the 
traveling waves plus their harmonics, 
1,52 mps (60 ips) on magnetic tape fo 
speed to recover the high frequency c 
for all casing Kulite data reduction 
pressure characteristics of each circ 
coordinate system. 
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The casing Kulites measured the dynamic component (Ps)aC the static 
pressure at 12 points above tlie blade tip (see Section 4.3). The correspond- 
ing bL component was measured witl\ conventional casing-mounted static taps so 
that the instantaneous static pressure was obtained by algeb raical iy adding 

^^s\ac ^Ps)dC- 


Tlie casing Kulite data were used to provide: 

• The c ircumf erent ial variation, over a few blade passages, of the 
unsteady component (Ps)ac ^ the static pressure 




Contour plots of 
rotor blade t ips 


the total static pressure distribution over 
during stable operation and during flutter 


the 
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• Aliased time histories of the unsteady oressure, corre sp(^nd in^ t; 
different discrete circumferential locations in the rotor cooriinate 
system, for relative amplitude and phasing information 

• Analysis of the traveling wave content present during flutter. 

The circumferential variation of the unsteady pressure was obtained from 
the ensemble average of 64 samples, as shown in Figure 17. These 200 data 
point time histories covered about three blade passages at 65 and 70 percent 
speed and four passages at 90 and 95 percent speed. 

The contour plots of the pressure distribution over the blade tips were 
obtained from time histories comprised of the ensemble average of five instan- 
taneous unsteady pressure time histories taken in consecutive rotor revolu- 
tions plus the DC portion of the static pressure measured bv the static taps. 
(Recall, from Section 4.3, a static tap was provided for each K-ulite at the 
same axial location.) Examples of these time histories are shown in Figures 
19 and 20 for flutter at 70 and 95 percent speed, respectively. The time 
histories for the odd-numbered Kulites were shifted so that the contour plots 
were made as if all 12 Kulites were at the same ci rcumf erent ial position. 

This set of 12 static pressure time histories was than input into a contour 
plotting program which linearly interpolated between the Kulites for the 
specified pressure levels. 

The procedure for obtaining the aliased time histories of both the 
unsteady pressures and the strain gage signals was described in Section 5.2.4 
(see Figure 18). This was done for enough equally spaced points on the rotor 
circumference to insure that there were at least 10 points in the flovstream 
between two blades. 

The traveling wave content, as observed in the stationary reference 
frame, of the rotor response during flutter was determined from linear spectra 
obtained through Fourier analysis of the casing Kulite signals. Typically, the 
linear spectra were the result of 256 samples, each 12.8 seconds long, averaged 
in the frequency domain with a bandwidth of 20 Hz. 


3.5.1 Transformation to Rotating Reference Syst em 

With careful handling, casing Kulite data can produce accurate informa- 
tion on the amplitude and phase of all significant traveling waves from which, 
through linear superposition, one can calculate the unsteady static pressure 
due to blade vibrations which would be observed in the rotating reference sys- 
tem. The unsteady static pressure in ti\e rotating reference system is the kev 
physical quantity that all unsteady aerodynamic theories are developed to 
pred ic t . 


To translate the unsteady pressure data, measured by the stationary casing 
Kulites, into the rotating coordinate system, the harmonic cc'miponents for eac’n 
nodal diameter traveling wave were summed vectoriallv. 
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Consider the reference coordinate systems s’nown in Figure 2\: for a 

traveling wave of nodal diameter, n, the unsteady pressure, , at a :iive!i 
axial location, x, is a periodic function of the rot at in vi c i r cumf e rent i al 
coordinate, , wit’n a period of 2^ / N|^ at time, t, and can expressed 
in tenns of its harmonics in the Fourier series: 


Pn*0,-3 ,C ) 


n9 



i[^t + (n + inNt>)^l 


where 

‘■\nn “ amplitude of mth harmonic wave 

= flutter frequency in rotating system 
m = wave harmonic r. mber 

n - traveling wave number (number of nodal diameters) 


( 1 ) 



Ny. = number of blades (26 for tut Rotating Rig'^ 

- angular position in rotating system, measured positive 
opposing rotor rotation 

and where ^he sign of :i indicates a forward traveling wave ( FTW ) when posit ivti 
and a backward traveling wuve^ (BTW) when negative. The number of symmetrical 
component'- is equal to 26; hence the highest number nodal diameters is 

eq ua I to 26/ 2 = 13. 


LquaCion (1) is the most general expression for the unsteady pressure 
traveling wave of nodal diameter n in the rotating system. To transform it 
into ttie stationary system, Che following coordinate transformation was used 
Ts ee Figure 21). 

8 — 3Q + «lt~.2 (2) 

where u is the rotor speed (rev/sec), is the absolute angular coordinate 
measured in inertial space positive opposing rotor rotation, and 3 is the angle 
between the iiiertial reference and the rotating reference at C = 0. For tnis 
study, Che inertial reference was taken as th.e Kulite location and the rotating 
reference was the slipring l/rev trigger. Substituting P^^quation (2) into 
Lquat ion (1) yields the general form of pressure waveform in the stationary 
system: 




where 

Pmn 

^ . ikmn 

= (x) e 

= complex amplitude 

0RlG^^^:AL r. 
OF poor^ c . 

(4) 


wmn 

= flutter frequency 

perceived in station system 

(5) 


^n 

= n + mNb 
= wave number 


(6 ) 


From Equation (5) it is easy Co see that the single flutter frequency, oj , 
observed in the rotating system becomes a spectrum of many frequencies when 
observed in the stationary system. 


The complex amplitude, Equation (4), can be written as 

(X) = !p;nn (x)| ( 7 ) 


where the amplitude, |Pnin^‘'^^l* phase, y extracted from 

the casing Kulite data. This being done, one can calculate the amplitude, 
A^q(x), for the rotating system wave form, Equation (L), from the following: 


■\in 


U) = 


1 I 




( 8 ) 


Now, substituting Equation (8) into Equation (1) gives the general form 
of the unsteady pressure traveling wave of nodal diameter n in the rotating 
system: 


Pn(x, 9 ,t ) 


00 



m = -00 


'p^pj(x)| ^ B)] 


(9) 


from which one can calculate the amplitude and phase of the pressure wave at 
each c L rcuraf e rent ial location 8. Careful measurement of the angle 9 results 
in a good estimate of the unsteady pressure information on both the pressure 
side and the suction side of the blade tip. 


An alternate form of Equation (9) is 


Pn^^» 9 ) 







,i( wt ne) 


( 10 ) 


The quantity inside the brackets { } is a periodic function of 9 with period 

^Tr/^b* i.e., it is invariant for geometrically similar points in each blade 

passage - points separated by one blade pitch. From this invariance property, 
the net pressure, pn, will exhibit a constant interblade phase angle of 
ibO n/N^ degrees because of the exponential factor outside the bracket. 
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To obtain Che total flutter unsteady 
system, the pressure, was summed over 


L.e. , 


p(x, 9,t) 



Pn(x, 9 ,t) 


pressure signal 
all significant 


in the rotating 
noiial diameters 


(ID 


To make a reasonable estimate of the phase (in relation to a fixed 
initial time) several samples of the casing Kulite data should be initiated 
at the same phase point (the same point in the cycle) and averaged for the 
particular frequency of interest. Because the flutter traveling wave fre- 
quencies, t*^nin > from the system flutter frequency, w, by integral 

multiples of the rotor speed, the proper integral number of rotor revo- 
lutions separating two consecutive samples to achieve the same phase start 
for the fundamental system flutter frequency applies to all other traveling 
wave frequencies as well. The slip ring 1/rev signal was chosen as the 
initial time to which all phases are referenced. 


Calculations indicated that 50 rotor revolutions separating consecutive 
sample initiations should, in principle, produce approximately the same phase 
start for casing Kulite data at the 70 and 95 percent speed flutter points. 
The sampling rate used was 128,000 samples per second with a sample length 
of 0.064 seconds. Thirty-two samples were taken and averaged in the time 
domain. An aliasing filter with a roll-off rate of 48 dB per octave was 
used. The cutoff frequency was 50 kHz. 


Having obtained the averaged time history of the Kulite data, the 
normalized Fourier transform of the averaged data was generated. Box-car 
windowing was used in the digital Fourier transform procedures. Because of 
the leakage effect of the digital Fourier transform, the obtained phase 
angles of the Fourier transforms were interpolated to obtain a better esti- 
mate of the true pressure phases. The phase interpolation formula, Reference 
3, uses the phase at the frequency of the locally largest response corrected 
according to the ratio between the locally largest magnitude and the next 
largest magnitude at the frequency which is one bandwidth apart from Che 
largest response frequency. 


5 . 6 TRAVE RS ABLE PROBES 

The radial distribution of the free stream total pressure was measured at 
the exit traverse plane, as described in Section 4.3, with a traversable 
Kulite probe. \lso described in Section 4.3 are the two x-arrav, traversable, 
heated thln-film anemometer probes used to obtain two-d Imens Iona I fluid flow 
information (absolute flow velocity and flow angle) forward and aft of the 
rotor. These probes were used to obtain ensemble average time histories, cir- 
cumferentially averagei’ radial distributions, contour plots .)f the radial dis- 
tributions, c ircumf er*^ or ial amplitude variation and corre spond i ng phase rela- 
tive to a reference strain gage, and traveling wave All of this 
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inforraacion was obcaired using Che same reduction techniques used for the 
casing Kulice data, explained in Che preceding section. 


The contour plots were an exception, however. Contour olots for Che 
ulite probe used Che ensemble average of 64 samples (200 points each) of the 
unsteady total pressure (Pt)ac the circumferent ial Iv averaged steadv 

w? h x-arrav probes were obtained 

wi h the ensemble average of 64 samples (200 points each) of the absolute flow 
velocity and of the flow angle. 


As was done for the casing Kulices, all traversable probe data was 
recorded at 1.52 mps (60 ips) on magnetic tape for post-test processing at 

a reduced tape speed to recover the high frequencies of the traveling wave 
harmonics. ^ 


5 . 7 STRUCTURAL RESPONSE PREDIC TIONS 

Static and vibratory analyses of the Rotating Rig blading were made with 
General c.ecCric s TWISTED 3LADE ( TWBL) computer program. This program pro- 
vides a beam solution with ntimerical integration performed on a tenth-order 

dlltlT'rl with provisions for including general boundary con- 

d tions. The coupling of bending and torsion is included for both static and 
Vibratory analyses. 

The TWBL program was also executed as a component within General 
ectric s COUPLED BLADE-DISC program which considers the complete system of 
disk, and blades to analyze the traveling wave problem. 

r.n T'"’' ^l^de vibratory analyses were made with 

era ectric s TAMP finite element program using eight-noded brick element' 
to moael the blade as shown in Figure 22. The brick element is a 3-D isopara-' 
metric solid element with 33 degrees-o f-f reedom: 24 corresponding to the^ 

ree motions at eact. of the eight nodes, and nine internal degrees-of-f reedom 

minimize the strain energy. The stiffening effects of 
arar a included in TA.MP. Output from this program are the stresses, 

static deformations, frequencies, mode shapes, modeal masses, and mode shape 


3 . 8 BLADE WORK PER MODE CALCULATION 

Using the rotor blade data obtained during this experimental flutter 
investigation, the rotor system's stability can be evaluated bv means of the 
aerodynamic logarithmic decrement. 6aero> for the predominant traveling waves 

and ^ Ls present for each traveling wave resoons 

rh^ "sd. fined by the familiar logarithmic decrement, which is proportional to 
of the aerodynamic work done per vibratory cycle on one blade to the 
oiade s average kinetic energy per cvcle. 
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aero 


( 12 ) 


aero 4E.^ 

Stabilicv is indicated when > 0; instability, on the other hand, is 

indicated when 63,3^0 < 0- In other words, when Wp < 0, ener=;v is dissinated 
by the airfoil and the system is stable, but when '.v'^ > 0, ener^v is gained hv 
the airfoil and it is unstable. 

The aerodynamic work done per cycle from the nth nodal diameter traveling 
wave was determined by the expression. 


27T 


f / 


i Pn 5pj dt dc 


( 13 ) 


where; 


-Pn 


t 


c = 


pressure difference across the airfoil from the nth nodal 
di ame ter 

normal deflection of blade tip in the nth nodal mode 
d 6n/dt 
t ime 

flutter frequencv 
chord 


Equation (9) or its equivalent, Equation (10), was used before to obtain 
the pressure amplitude and phase. But this phase is the "absolute" phase 
angle which is relative to the t = 0 starting time of the data sample. The 
problem here for the wo rk/cyc 1 e/mode was to obtain the phasing between the 
blade tip displacement and the blade tip pressure differential. Given the 
relative phase between the deflection and a reference strain gage, and between 
tne pressure differential and the same strain gage, the relative phase between 
t.ie displacement and the pressure differential can be determined. 

For the work/cycle/mode then, the casing Kulite pressure signals were 
processed as follows; the Fourier transform of the overall si nal was taken, 
the traveling wave was extracted along with its harmonics, and the inver.se 
Fourier transform ( IFT) produced tlie time history for the selected traveling 
wave. This traveling wave time history was then 1 / rev sampled, along with 
that of the reference strain gage, to construct aliased time histories for 
stress and pressure on each side of the blade. The desired phasing informa- 
tion was then obtained with cross-spectral an.ilyses. 
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The unsteady blade tip deformation data obtained from the li^ht probes 
discussed in Section 5.3.2 and presented in Section 6.3.3, were uLd for the 
worK/cycle/mode calculations. The measured tip deflections and interblade 
phase angles were used in the following expression for each rotor blade 


^i(t) = Ai sin [“-(t - T.) _ cos 


where 

'^i(t) = normal deflection of the ith blade tip 

- measured maximum tangential tip displacement of the ith blade 

ki 

'' " " of^thl^blLes sequential sampling 

= blade index 

h'b = number of blades in the rotor (M 5 = 26) 

^i = measured interblade phase angle 
^ = stagger angle 

Equation (14) was evaluated for each blade at the same instant to obtain the 
instant^eous circumferential distribution of the blade tip normal displace- 
ment. This circumferential distribution was then Fourier decomposed spatiallv 
to determine the amplitude. of each nodal diameter traveling wave present'. 

Simltaneous 1 /rev sampling of the light probes and a strain gage was not 
one. The relative phase between the tip displacement and a reference strain 

gage was determined from the blade finite element vibratory analvsis described 
I n bee t Lon 5 . 7 . * ' 

For a single blade, the average kinetic energy per cvcle of the nth nodal 
diameter traveling wave was determined from 


“ I 

o 


2 M 6 2 


where : 


- modal mass, from TAMP (see Section 5.7) 


It should be noted that since there was no data from the axial deforma- 
tion light probe system (see Section 5.3), engineering judgment was used to 
ocate the casing kulites and the light probes relative to the blade tip 
chord. ■ 
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6.0 TEST RESULTS 


The objectives of this program were to obtain detailed measure- 

ments of (1) the steady and unsteady flowfield surrounding the fan rotor and 
) the mechanical state of the rotor while operating in both the steadv and 

ii detLrbelow. individual measurements is discussed 

1 STEADY AERODYNAMIC PERFORMANCE 

Overall performance and blade element data for the scaled Fan C Rotor 
were calculated by the methods described in Section 5.1. The measured data 
t wab needed for the calculations was obtained from both the fixed and 
traversable instrumentation described in Section 4.0. Fan rotor performance 

florstr^m both the bypass flow and core 

with th^r- ; comparison of scale model rotor performance is made 

with Che fu.l scale tan to verify that siiilar performance characteristics 
were achieved Blade element data are presented for the five steady traverse 

I . for the ten unsteady traverse data points of Build 2 

ranJ f ^ P'^^'^ts which extend the results over a wider ’ 

range ot operation. 


^ 1 . 1 Overall Fan Performance 

Stream performance map. Figure 23, the mass-averaged 
values of pressure ratio and adiabatic efficiency are plotted against the lov 

The nerf^" flow for all data points obtained during the test program, 

he performance map shows lines of constant speed plus several "operating" 
lines which are indicative of various degrees of throttling between peak 
uffiv rh f^^tter. These operating lines were established by 

Thi consistent bypass ratios and facility valve settings. 

The low or nominal operating line was establisned by setting the main dis- 
cnarge valve at its most open setting, and the intermed iate^perat Ug lH 

add ul'dtdllSf ri setting approximately midway between its most open 
and Its stall flutter settings. At a few of the speeds tested, further 
unthrottling below Che nominal operating line was achieved by opening an 
auxiliary (booster bypass) valve downstream of the test vehicle. In this 

Thd divhr bigh speeds was identified, as shown in Figure 23 

':'bich blade element data were generated are' iden- 
tified on the map with solid symbols. The aerodynamic design point is shown 
or reference. Data scatter observed among the remaining data points was 

■" sp«.r.n<i 

facility discharge valve settings. A tabulation of the significant overall 
per ormance parameters for all the readings taken is given in Table XIII. 
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Table XIII. NASA Rotating Rig Fan Rotor Performance Data. (Concluded) 

^ Spe cial Instrumentation Measurements Test 

I n 1 1 — ^ — 


Reading Zn//e 


141 

142 
144 

147 

148 

149 

150 

151 

152 

153 

154 

155 

156 

157 

158 

159 

160 
161 
162 

164 

165 

167 

168 

169 

170 

171 

172 

173 

174 

175 

176 

177 

178 

179 

180 

184 

185 

186 
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In Che cote stream rotor performance map, Figure 24, a similar procedure 
was used; mass-averaged value of pressure ratio was plotted against Che cor- 
rected fan inlet flow. The nominal bypass ratio was 5, althougn there was 
some scatter in Che actual values recorded during the test, so the core stream 
airflow was approximately one-sixth of the total fan flow shown in Figure 24. 
Core stream efficiency values were unrealistically high, and there were incon- 
sistencies observed between the Plane 20 and Plane 25 total temperature mea- 
surements. Because no core region traverse data were available to help resolve 
temperature measurements, the core stream efficiency is not reported. 


Superimposed on the full scale Fan C bypass stage performance map, Figure 
25, IS Che Rotating Rig Build 1 data modified by the loss assumption based^on 
the full scale data. The comparison shows good agreement in terms of speed 
line characteristics and stage efficiency. Most important, the scale model 
vehicle exhibited rotating stall and stall flutter of the same type and at 
similar aerodynamic conditions as Fan C. The flow-speed relationships plotted 
in Figure 26 provide further evidence that the two vehicles are aerodynamical Iv 
similar. The Rotating Rig Build 2 data compares favorably with Fan C in terms" 
of flow versus speed along an operating line passing near peak efficiency. 
Considering the ditficulties involved in defining a distinct flutter boundary 
Che flow-speed comparison at Che stress limit is also in very good agreement.’ 


Fan Rotor 3. lade Element Data 


Rotor blade element data were calculated for the eighteen readings shown 
on the performance map. Figure 23, using an axisymmetric streamline analysis 
procedure discussed in .Section 5.1.2. The rotor blade element data are pre- 
sented in Figures 27 through 29 as plots of total pressure loss coefficient, 
diffusion factor, and deviation angle versus the raeanline incidence angle. A 
complete tabulation of these parameters, plus Che radial distributions of the 
flow properties at the blade edges, is given separately for each of Che 
eighteen readings in Appendix A. The plots present the data in a standard 
NASA format which groups data from all speeds according to a given immersion. 
Only Che bypass immersions are shown, since the inconsistencies observed in 
the core stream measurements resulted in some unrealistic values. In addition 
to the 10 data points at which unsteady data are reported, three steady-state 
readings (two at 95 percent speed, and one at 70 percent speed) are included 
to extend the range of the blade element data to flow conditions near peak 
efficiency operation. The incidence angle used for this presentation is based 
upon the design value of the blade leading edge angle; a more accurate value 
would account for Che variations in measured blade untwist that occur at lower- 
than-design speeds. The true incidence angle, however, would not significantly 
improve the scatter of the blade element data observed in Figures 27 through 
29. A more meaningful display of the loss data is shown in Figure 30, where 
the total pressure loss parameter for the rotor blade is plotted as a function 
of blade diffusion factor. The result is a better correlation, indicating 
that the rotor blade performance is more closely related to diffusion levels 
than to variations in speed or incidence angle variations. 
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6.2 BLADE DYNAMIC STRAIN GAGE DATA 





The ten aerodynamic operational conditions at which steady and unsteady 
measurements were taken are shown in Figure 2. The operating parameters are 
summarized in Table XIV. All 26 blades in the rotor were instrumented with 
dynamic strain gages, although not all gages could be monitored and recorded 
for each test. Blade mounted hot films and kulites limited leadout capabili- 
ties through the 100 point slip ring. Usually, twelve to nineteen gages were 
monitored during the three tests, excluding failed gages. The data obtained, 
on a continuous basis, from blade strain gages include vibratory stresses, 
frequencies, and interblade phase angles. 


6.2.1 Bench Test Frequencies 

Figure 31 shows the bench (laboratory, zero speed) test blade frequencies 
and their disposition around the rotor as tested in Build 2. Since all blade 
bench test frequencies were within 2 percent of the average measured flexural 
frequency and within 2 percent of the average measured torsional frequency, no 
effort was made to selectively arrange the blades in the rotor. 


6.2.2 Flutter Frequency Response 

At the nominal and intermediate operating lines (NOL and lOL) , as defined 
in Section 6.1.1 (Figure 23), the rotor blades responded predominantly at 
their individual natural blade frequencies. These frequencies varied from 
blade-to-blade. A typical Campbell diagram is shown in Figure 32 for a nomi- 
nal operating line accel from 2000 rpm to 18500 rpm. As can be seen, the 
vibratory stress amplitudes were very low throughout the speed range with the 
maximum response at the second flexural mode - 3/rev cross-over where stresses 
reached about 5,5 kN/cm^-da (8 ksi-da). As the fan was throttled from the 
nominal to the intermediate operating line at 70 percent and 90 percent speeds. 

Some of the airfoils experienced a slight frequency shift while other airfoils 
did not experience any frequency change at all. Shifting of the natural fre- 
quency seems to be independent of the mode as shown in Figures 33 and 34. 

Throttling further to the flutter boundary, aerodynamic coupling appears 
to drive all the blades at a common flutter frequency. This is shown in Figure 
33 for the torsional flutter mode at 65 and 70 percent speeds and in Figure 34 
for the flexural flutter mode at 90 and 95 percent speeds. A significant 

increase in the flutter frequency between 90 to 95 percent speed is observed ) 

due to the centrifugal stiffening effect on the bending mode, see Figure 32. 

As expected, centrifugal stiffening did not have a significant effect on the 
torsional mode. 


6.2.3 Flutter Vibratory Stress Amplitude I 

In this program, flutter was identified primarily by strain gage response 
which provided flutter frequencies and vibratory stress amplitudes. Data 
points, at which steady and unsteady flutter measurements were made, were 
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determined by Che stress amplitudes at the flutter frequency. The intent was I 

to have all the blades responding at relatively high amplitudes in flutter, I 

but without exceeding the established fatigue limits. Figures 35 through 38 | 

show the time histories of the overall peak- to-pe ak stress amplitudes and fil- 
: tered peak-to-peak amplitudes at their respective flutter frequencies. Fil- 

tered flutter frequencies are 900 ± 25 Hz for Che 65 and 70 percent speeds 
(Figures 35 and 36) and 320 ± 10 Hz at 90 and 95 percent speeds (Figures 

^nd 38). These time histories show that most of the overall signal is at 
the flutter frequency. As Figures 35 through 38 show, the stress amplitudes 
* increased quite rapidly at flutter onset, indicating a rapid decrease in the 

system's aerodynamic damping. At 65 percent speed, Figure 35, the ampli- 
tudes are relatively constant and the overall signal does contain some second 
flex/3 per rev resonance response as shown in Figure 32 at about 11,600 rpra. 

At 70 percent speed, Figure 36, the stress amplitudes fluctuate considerably 
as the onset of torsional flutter is reached, becoming less erratic after a 
few seconds of stabilization. For bending flutter. Figures 37 and 38, the 
vibratory stress amplitudes of most of the rotor blades fluctuate drastically 
as a function of time. This variation in amplitude with time was initiated 
t at flutter onset and continued until the operating condition was changed, i.e,, 

^ until the discharge valve was opened to lower the operating line. Separated 

^ flow vibration was essentially nonexistent on this fan even at conditions 

^ c lose to flutter onset. Occasionally, the blades were driven in and out of 

) flutter, especially at 90 percent speed (Figure 37), Throttling the fan fur- 

tner into flutter was impractical since the blade stresses were fluctuating 
up to the blade's fatigue limits. 

From the time histories, amplitude variations of overall and filtered 
levels around the rotor were obtained at a specific time for each of the four 
speed lines at the ten special data points. (See Figures 39 through 42.) 

Stress amplitudes on the nominal and intermediate operating lines were rela- 
tively low, with some b lade-to-blade variation. At the flutter conditions, 
whether bending or torsion, the stress amplitudes were relatively high, with 
some blades reaching fatigue limits. Also, a large variation in blade-to- 
blade stress amplitudes was observed with the maximum response blade being 
different for each speed. This shows that it could be dangerous to test a fan 
or any blade row with only a few strain gaged blades. Ti^ instrumented blade 
could be a low response blade wnile other nonstrain gaged blades in the rotor 
could be responding at stress levels above fatigue limits. 

The blade-to-blade stress amplitude variation in flutter, for the four 
speeds tested, is an indication of the existence of more than one traveling 
wave in the rotor which is probably due to the effects of mistuning. 

^.2,4 Interblade Phase Angles 

Interblade phase angles relative to a reference blade were determined for 
ail the available strain gage data with two data analysis methods; analog 
phasemeter and cross spectral analysis. Examples of each are shown in Figures 
43 through 45. Figure 43 illustrates that a constant phase angle exists 
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between two blades as a function of time for 90 and 95 percent speeds. At 90 
percent speed, the blades were oscillating in and out of flutter; the phase 
angle is shown to be constant while they are in flutter and to vary considera- 
bly when they are not in flutter. Similar data was analyzed at the same oper- 
ating condition a few hours later and the results were the same, that is, the 
identical phase angle existed between the same two airfoils. 

The strain gage responses were also analyzed with the FFT/ computer . 
Typical linear spectra and cross spectra of strain gage data are shown in 
Figure 44 ;or 70 percent torsional flutter and in Figure 45 for 90 percent 
flexural flutter. The predominant spike is apparent at each of the flutter 
frequencies, although the stress amplitudes are average values and do not 
represent the maximum response. The cross spectra yield the relative phase 
between the two linear spectra. These phase angles were in good agreement 
with the phasemeter data. Averaging in this case proved to be inconsequential 
since the phase angle between two blades was constant as shown in Figure 43. 

The phase angles of the flutter stress signals were plotted on system 
mode wave diagrams in Figures 46 through 49 to determine the traveling wave 
nodal diameter and its direction. For torsional flutter at 65 percent speed, 
the aata shows either a two or six nodal diameter forward traveling wave. At 
70 percent speed torsional flutter, both four and six nodal diameter forward 
traveling waves are evident. For flexural flutter at 90 and 95 percent speeds, 
there are two and three nodal diameter forward traveling waves respectively. 
Precise wave decomposition was encumbered by the Lack of stress data on many 
blades (recall that not all blades cc^uld be monitored). However, the missing 
interblade pnase information from the blade stress can be supplemented bv the 
interblade phase data from measured blade tip displacement as' discussed in 
Section 6. 3. 2. 2. It is noteworthv that onlv forward traveling waves were 
observed in both flutter modes. 

A summary of the measured peak-to-peak stress amplitudes .iud the phase 
angles is provided in Table XV for the four flutter points. The phase angles 
are shown in terms of phase lag relative to the reference blade. The refer- 
ence blaae is indicated by a zero phase angle at each speed. Note that dif- 
ferent reference blades were used. 


6. 3 BLADE DISPLACEMENT DATA 

One objective of this flutter research program was the direct me.asurement 
of blade deformation. The steady deformation of the rotor blades can change 
the aerodynamic flow within the blade row due to the change in flow channel 
profiles. A blade stagger change (untwist) directly varies the flow incidence 
angU'. a controlling parameter for stall flutter. Similarly, chordwise bend- 
ing ot the . ’ des may alter the aerodynamic characteristics of the flow for 
blades or i.,'v or medium aspect ratio especially at transonic air speeds. Al- 
though St ndy deformations are of greater concern at flutter onset conditions, 
data was o .tr^ri'd at ill special instrumu'’ ation data points. 
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this system (compared with 


quality of the data from test 3. In cest 2, 
the 65 and 70 percent speed torsional flutter 
and indicates that the measurement accuracy of 
the TWBL predictions) is within ±1° of untwist. 


The blade untwist is plotted versus blade span for 
percent speeds in Figures 58 through 61, respectively, 
tip light probe data to agree within 0.2“ of the predict 
mentioned scatter in the intermediate span data is also 
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^•3,1,3 Chordwise Bending 

relationships described in Section 5. 3. 1.3 were used to 

blldrangl^cha^si r'^ shows the total 

Ln thaf operating conditions. It can be 

seen that the largest chordwise bending occurred at the flutter conditions 

t.i the maximum at the 70 percent speed flutter point. This is due to the 
torsional mode response at the lower speeds. ^ 
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6.3.2. 1 Tangential Deflections 

bUd/tirnneLtUrdefr variation o£ the maximum 

aoquiaition for^r 70 a ir® ‘’““"‘''S ''‘'ring the 128 revolution data 
quisition for 65, 70, and 95 percent speed at flutter conditions Also 

nerl^nr'' H ""8 maximum blade stress amplitudes. Data at 90 

that speer^ ThT because of the intermittent flutter exhibited at 

nr.h figures show deflection data from the leading edge light 

oraL. i ::heiairthriJr:*u:;tn;:L^:“:”:rL:^ htd\"rM:d:"aa 

stress and deflection levels are due to the stress data being acquired at a 

aardlne.r'"*^ ^ data. The large variations in the stresses 

ni.pn . the rotor may originate from differences in blade fre- 

aorirtrTrH^ as bUde mistuning. (There is about 2 percent varia- 

tion in the blade natural frequencies.) varia 

prohoroi 


101 




















Table XVI. Tangential Maximum Deflection Kxcursions (Mils-DA) at 10802 rpm 
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Table XVIII. Tangential Maximum Deflection Excursions (Mils-DA) 






^•3.2.2 ^nterblade Phase Angles 

Typical intisr'Iad^ phase angles in ht^T-Tno u ^ 

the light probe measured tip displacements are sh from 
with those from the strain gage signals for 70 tgures 66 and 67 along 

..d M .peed tUxup!r£l^;r::'‘:ef" 

IS good agreement between the strain u seen that there 

data. The phase dat^ drno^ faU alon^"! ' f " """ P^ase 

which indicLes the possible ^ diameter lines 

ent nodal diameters Multiple svsr traveling waves of differ- 

sequence of the bCie mLtinlng whi^ is possibly a con- 

as a possible cause of the blade-to-blade preceding section 

These phase plots also shL rh. vibratory amplitude variations, 

flutter response. presence of predominant forward traveling wave 

were obtained through FFT c^L'^LctLr 

on the phase data due to 1/rev samplinH and^ch^^r* aliasing effect 

data due to the light probe and the time shift of the recorded 

account in the phase data It u'^int taken into 

:p.l^dpspUdd.dMd - havd dsddpcially pH« s,„d b lad.-to-bUdeyas^reufCd- 


6.4 BLADE-MOUNTED SENSORS 

mounte'd^fn^ors'^d^n:"^^^ " blade- 

anemometers (hot-films) Because^of'^hot (Kulites) and heated thin-film 

lems. discussed in Section compensation prob- 

sensors. The blade-m:;^;"^ Kulue datf 

are in general unreliable, primarilv Lc L'^of the'L^Ht' * ' 

to the blade mechanical strain (see' Section 4 3 1) ?L / sensitivity 

especially severe for torsional m w u ' strain sensitivity is 

(65 and 70 percent speed) S!rinv h t' appeared during low speed flutter 
pant speed)^ thHlrnn flutter (90 and 95 per- 

the Kulite response more susoept higher speeds made 

probably the ca^^rKulUrniures? centrifugal effect and was 


B.^ade-Mo unted Kulite Time Histories 

flutt.r'point, are^ho™'" ^ t^uri “ bs’th^oog^lo^Lp"^ ^ 

During 65 percent speed flutter r 7 S » r. * 

Cories in Figure 68 show noticeable fli.ti r ^ kulite time his- 

-ord on the pressure stde :;ra1 per^r “ tt r.^toT:U. 
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On the pressure side the response at 20 percent chord is approximately twice 
as large as the response at 60 percent chord. The suction side has much 
smaller responses than the pressure side. At 87,5 percent span more Kulites 
were operational at this speed and they responded at the flutter frequency. 

On the pressure side, flutter response is obvious at 20, 40, and 50 percent 
chord with the largest response at 20 percent chord. On the suction side, 
only the KuUte at 8 percent chord showed some flutter response. In the span- 
wise direction, the response at 20 percent chord on the pressure side is seen 
to be slightly larger at 75 percent span than at 87.5 percent span. 

The time histories taken during 70 percent speed flutter, shown in Figure 
69, are qualitatively very similar to those of 65 percent speed flutter except 
that the flutter responses at 70 percent speed are severely masked by noise 
and other nonflutter signals. Similar results obtained at the 95 percent 
speed flutter condition are shown in Figure 70. These figures provide for 
only a qualitative assessment of the response. 

The Kulite time histories for intermediate and nominal operating condi- 
tions are provided in Appendix C for reference. The effects of throttling to 
the flutter boundary can be qualitatively examined using the appropriate time 
histories. The time histories for the operable b 1 ade-mount ed Kulites at 65 
and 70 percent speed indicate that the airfoil dynamic pressure tends to be 
less at the flutter boundary than at the non-flutter points. But at 95 per- 
cent speed, tne airfoil dynamic pressures almost double at the flutter bound- 
ary. It may be the torsional strain sensitivity of the blade-mounted Kulites 
that makes the recorded pressure amplitudes at 65 and 70 percent speed behave 
contrary to intuition. 


6.4.2 Airfoil Unsteady Pressur e 

Another observation of the unsteady pressure on the airfoil can be 
obtained from the linear spectra of the blade-mounted Kulite time histories. 
Figures 71 and 72 are the linear spectra of the operational blade-mounted 
Kulites during torsional flutter at 65 and 70 percent speed respectively. The 
portion of the Kulite response which is at the torsional flutter frequency of 
896 Hz can be seen in these spectra. For 95 percent speed flutter, the linear 
spectra in Figure 73 show the Kulites to have a significant pressure component 
at the flexural frequency of 336 Hz, 

Blade-mounted Kulite spectra for the nonflutter points show that the 
majority of the Kulites do not have an unsteady pressure component at tne 
flutter frequency. This is illustrated in Figures 74 through 76 where the 
spectral amplitudes of the b 1 ade-moun t ed Kulite response are plotted for the 
flutter and nonflutter points at 65, 70, and 95 percent speed respectively. 
Obviously, tne nearly sinusoidal respt^nse of the blades at the flutter bound- 
ary stimulate a b I ad e-moun t ed Kulite press tire component at the flutt^^r fre- 
que nc y , 
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6.4.3 Unsteady Pressure Phase Angle 

Cross spectral analyses were made to find the phase angle between the 
blade-mounted ICulite response and the reference strain gage response at the 
flutter frequency. Figures 77 and 78 are typical results for 65 and 70 per- 
cent speed flutter respectively. Note that different reference strain gages 
were used at different speeds. The phase angles generated from this analysis 
are shown in Figure 79. The phase data were very limited due to sensor fail- 


6. 5 BLADE TIP STATIC PRESSURE FIELD 

Acquiring detailed measurements of steady and unsteady aerodynamics sur- 
rounding the rotor was a prime objective of this program. Measurements to 
obtain this data were made over the blade tip with casing-mounted Kulites and 
static taps. Here the objective was to establish the shock structure at the 
blade tip while operating at nonflutter and flutter conditions. 

The flowfield static pressure distribution was generated between blade 
passages as would be observed in the rotating reference system. The charac- 
teristics of the static pressure distribution have a definite bearing on the 
perturbation pressure fluctuations due to blade vibration. 

The unsteady part of the static pressure, (^s^AC* measured by the casing 
Kulites, was used to identify and analyze the traveling waves that existed in 
the flutter modes. The casing Kulite data can produce accurate information 
on the amplitude and phase of all significant traveling waves from which, with 
linear superposition, one can calculate the unsteady static pressure due to 
blade vibrations as would be observed in the rotating reference system. The 
unsteady static pressure in the rotating reference system is the key physical 
quantity that all unsteady aerodynamic theories are developed to predict. 

6.5.1 Static Pressure Distribution 

The 64-sample ensemble average (see Section 5.2.4) of the casing Kulite 
data gave the circumferential distribution of the dynamic part of the instan- 
taneous static pressure. Typical results for the four flutter points tested 
are shown in Figures 80 and 81. These results show the apparent blade passing 
as identified by a rapid change in pressure. Also, the pressure patterns are 
cleaner at the blade leading edge. It can be seen that the peak unsteady 
static pressure amplitude decreases in going from the leading edge to the 
trailing edge. 

Contour plots of the total static pressure, variation over the blade tips 
^ presented in Figures 82 through 85 for the four flutter 

points. With each contour plot is the circumferential average of the steady 
static pressure, (Ps^DC» ^ function of axial position. These contour 
plots are presented with isobars superimposed on an unwrapped view of several 
adjacent blade passages. 
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Figure 80. Dynamic Part of the Instantaneous Static Pressure 
^5 and 70 Percent Speed Flutter. 
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Figure 81. Dynamic Part of the Instantaneous Static 
Pressure. 90 and 95 Percent Speed Flutter 
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similar coatour plots cor the six nonflutter points, shown in Figures 
86 through 91, are from the casing Kullte data acquired on the NOL at 70 and 
90 percent speed and on an lOL at all four speeds tested. These total static 
pressure contour plots provide data to determine the changes in shock patterns 
with throttling and with stable versus flutter operating conditions. 

At the 65 percent speed flutter point, it can be seen that the pressure 
field suggests a predominantly subsonic flow situation with only slight evi- 
dence of a bow shock (tip relative Mach number of 0.9 and a flow angle of 77 
degrees). A detached bow shock wave is apparent at the 70 percent speed 
flutter point impinging on the suction surface normal to the flow direction 
(see also Reference 5). The flowfield behind the shock is subsonic at a 
nearly uniform pressure level. 

At the 90 percent speed flutter point, the higher Mach numbers and over- 
all pressure rise create a more complex pressure pattern. The relative inlet 
tip Mach number is 1.3 and the flow angle varies from 72 degrees at the low 
operating line point to 74 degrees at the flutter condition. The flow is 
noticeably accelerated along the suction surface at the leading edge to a Mach 
number of about 1,5. This is followed by a slight precompression which lowers 
the Mach number back to 1.3 before encountering the bow shock of the adjacent 
blade at approximately 60 percent of the chord length. As was the case at the 
low speeds, these data points are too throttled to allow the leading edge 
shock to assume a **started'* position as an attached oblique shock. For each 
of the three 90 percent speed data points, the flow is subsonic behind the 
normal bow shock and then diffuses uniformly to the required pressure level at 
the trailing edge. 

The inlet Mach number is 1.4 at flow angles of 72 and 73 degrees for the 
two 95 percent speed data points obtained. As observed at the lower speeds, 
the leading edge shock stands off normal to the relative flow direction in an 
'*uns tar ted** position, and flow conditions behind the shock are subsonic. 

At all speeds, the pressure contours are well defined through the forward 
half of the blade passage but are less distinct in the aft region. Pressure 
contours in this subsonic region that would be expected to be normal to the 
flow direction were often missed by the transducers. Similarly, the pressure 
gradients associated with the presence of the blade were well defined only in 
the leading edge region. In general, the location of the leading edge bow 
shock in the blade passage could be accurately determined, and its forward 
movement was observed as the rotor was throttled toward the stall flutter 
boundary. 

The data, as expected, shows that throttling or increasing back pressure 
causes the shock to move forward towards the leading edge, especially at the 
high speed points. For 90 and 95 percent speeds, the leading edge bow shocks 
are observed to be swallowed into the blade passages more deeply at nonflutter 
conditions than at flutter conditions. In other words, the region of shock 
intersection on the blade suction surface is moved forward as the flutter 
boundary is approached. This forward movement of the shock intersection region 
seems to have a strong influence on the occurrence of high speed flexural flutter. 
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6.5.2 Analysis of Unsteady Casing Kulite Data 


mine the nnateady preaaure amplitudaa in the pteceedinj aL.ti“r Jn fh'”' 
analysis, however, the time histories were not averaee^ th ^ 

turbations at selected discrere^ Mm.» • .- r- the pressure per- 
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^•5.3 Traveling Wave Analysis 
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Figure 93. Circumferential Variation of Blade Tip Unsteady Pressure 
and Relative Phase at 70 Percent Speed Flutter, CK705. 
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Figure 95. Circumferential Variation of Blade Tip Unsteady Pressure 
and Relative Phase at 70 Percent Speed Flutter, CK709 . 




Traveling Wave Idrintif ication 


Figures 96 through 100 show the linear soecrr;, c- 
casing Kulites for the 70 percent soeed ^ r«prosentat ive 

cate that the Kulite data over all of the hi ^ spectra indi- 

nonflutter conditions, rh^e^ , ^ forward traveling waves. At 
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The unsteady pressure linear spectra for rh» QS 
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Table XXI 


70 Percent Speed Torsional 


• Traveling Wave Amplitudes and Phases, 
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Frequencies in brackets are negative frequencies as calculated by Equation 5. 
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6. 5.3.3 Pressure in Rotating Reference Svstem 
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The traveling wave information, amplitude and phase, from Tables XXI 
and XXII was used with Equation (10) in Equation (11) to generate the total 
unsteady pressure signal that would be perceived in the rotating reference 
system during flutter. The results, spanning one blade pitch, are shown in 
Figure 106 for 70 percent speed torsio lal flutter and in Figure 107 for 95 
percent speed flexural flutter. 


For 70 percent speed torsional flutter. Figure 106a shows the amplitudes 
of unsteady pressure distributions over an equivalent blade passage with the 
blade position at the center. Strong variation in the unsteady pressure 
magnitude is seen over an equivalent blade passage in both the circumferential 
and the axial direction. Figures 106b through 106f show the phase angle dis~ 
tributions through an equivalent blade passage for the even numbered casing 
Xulite sensors (Kulite ?A712 was out). The interesting point here is that near 
the blade position there is significant change in phase for Kulites #704 and 
#706. These correspond to about 23 and 49 percent chord position from the 
leading edge. Conversely, no dramatic change in phase are seen for other 
chordwise locations. This may suggest that flutter is caused orimarily by the 
aerodynamic work input into the rotor blades over the front portion of the 
b lades . 



t 

i| 


Similar results are shown for 95 percent speed bending flutter in Figure 
107 (Kulite #710 was out). Again a significant change in phase is seen for 
Kulites #704 and #706 (or about 21 and 44 percent chord). Consequently, the 
front portion of the blades may again be playing a dominant role in the flut- 
ter occurrence. In addition, large phase variations occur near the midpoints 
of blade passages. This large phase variation is attributed to the existence 
of shock structure for this high speed flutter condition. 

6.6 ROTOR EXIT TOTAL PRESSURE 

As part of the el fort to understand the blade wake characteristics while 
operating in flutte*. , the radial distribution (six immersions) of the free 
stream total pressure was measured at the exit traverse plane. These measure- 
ments were limited to the bypass stream where most active aerodynamic activity 
occurs. The data presentation will follow closely the format used in the cas- 
ing Kulite static pressure discussions. 


6.6.1 Circumferentially Averaged Total Pressure 

The total pressure loss from the designated traverse plane to the down- 
stream vane was shown to be minimal in Build 2 tests by comparing cobra probe 
data in the traverse plane and vane-rake data downstream of the rotor. For 


the special instrumentation data points, the circumferentially averaged steady 
total pressure distribution, (Pt)dc» roeasured at different radial immer- 
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Figure 111. Dynamic Part of Instantaneous Total Pressure, 95% Speed 
Flutter. 
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Figure 116, Total Pressure Contour Plot, 70% Speed lOL 
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Figure 119. Total Pressure Cross Spectra, Percent Speed Flutter. 
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The circumferential variation of the total pressure at the six immersions 
is shown in terms of the unsteady pressures in Figure 120 and in terms of 
phase (relative to the strain gage signal) in Figure 121 for the 70 percent 
speed flatter point. The unsteady pressure variation for most immersions is 
shown to increase at mid-passage and decrease as the blade approaches the 
sensor. Also, the amplitudes are generally higher at the outer portion (tip) 
of the blade passage. The phase distribution suggests a forward traveling 
wave flatter mode, which will be seen more clearly from the linear spectra of 
Che continuous unsteady total pressure responses discussed in the next section. 


6.6.4 Traveling Wave Contents 

The linear spectra of the unsteady total pressure measurement were gener- 
ated to determine the traveling wave content in flutter at 70 and 95 percent 
speeds. The linear spectra for torsional flutter at 70 percent speed, Figures 
122 through 124, show three predominant traveling waves - the 4, 5, and 6 
nodal diameter waves - at all immersions, three of which are shown. The 2, 3, 
and 7 nodal diameter forward traveling waves were present but had significantly 
lower magnitudes. Beyond 2.5 kHz, traveling waves were either buried in the 
noise or were nonexistent. This would indicate that the unsteady total pres* 
sure did not vary in the circumferential direction as drastically as did the 
unsteady static pressure within blade passages and across the blade tips as 
seen in Section 6.5. 

For flexural flutter at 95 percent speed, only data for 14.5 and 42.2 
percent immersions, Figures 125 and 126 respectively, were successfully 
acquired due to Kulite failure. At 95 percent speed, the noise floor is con- 
siderably higher - by a factor of 10, than that at 70 percent speed. Forward 
traveling waves of 2, 3, and 4 nodal diameters, and a backward traveling wave 
of two nodal diameters, are seen at 14.5 percent immersion. No significant 
traveling waves are seen at the 42.2 percent immersion. This indicates that 
flutter activity was concentrated at the blade tip region during flexural 
flutter - as other blade vibration data and unsteady aerodynamic data have 
consistent ly indicated . 


6.7 INLET AND EXIT FLOW DATA 


Two x-array, traversable, heated thin-film anemometer probes wer. used to 
obtain two-dimensional fluid flow information (absolute flow velocity and flow 
angle) at each of seven radial immersions. One x-array probe was located for- 
ward, and the other one aft of the rotor (see Section 4.3). 

The measured results are presented in terms of circumferentially aver- 
aged flow velocities and absolute flow angles, contour plots for absolute flow 
velocities and flow angles, and the traveling wave content from spectral anal- 
yse s . 
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Total Pressure Spectrum, 42.2 Percent Immersion, 70% Speed I'lutter 
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6.7.1 Absolute Velocity and Flow Angle Radial Distributions 

Figures 127 through 130 show the radial distribution of the time averaged 
absolute flow velocities and flow angles at the inlet and exit traverse planes 
for the two 65 percent speed operating points. The inlet absolute flow veloc- 
ity for flutter was generally lower than that for the lOL at all immersions as 
seen in Figure 127. This means that the relative incidence angle of the rotor 
blades was definitely higher over che whole span at the flutter condition, 
given the fact that the inlet flow angles were relatively small as shown in 
Figure 128. Also shown in Figure 127 is the calculated inlet absolute flow 
velocity based on inlet rake measurements at the flutter condition. Calculated 
results show the same radial distribution shape, although with lower inlet 
absolute flow velocity, as that of the x-array data. The calculation used an 
inviscid theory with an empirical correction for the casing boundary layer 
blockage effect to simulate the velocity defect near the casing. Also shown 
in Figure 128 is the inlet flow angle near the flutter condition measured by a 
wedge probe. It can be seen that there is good agreement between the wedge 
probe data and the x-array data at the flutter condition, while at the lOL 
unexplained discrepancies exist. 

At the exit plane at 65 percent speed. Figure 129 shows lower absolute 
flow velocities at the flutter condition compared to those at the nonflutter 
condition, except near the splitter. Calculated data predict a lower exit 
absolute flow velocity at the flutter condition. The casing boundary layer in 
the exit plane was relatively thinner than that in the inlet plane discussed 
earlier. Larger exit flow angles were measured toward the blade tip region 
for both operating conditions. Figure 130, as a result of higher blade linear 
velocity and larger blade twist angle toward the blade tip region. Also shown 
in Figure 130 is the exit flow angle distributions measured by both a cobra 
probe and a wedge probe at a near flutter condition. The wedge probe data are 
in better overall agreement with the x-array data than are the cobra probe 
data . 

Similar results for the three 70 percent speed (operating points are shown 
in Figures 131 through 134. The general behavior of the inlet and exit abso- 
lute flow velocities and flow angles was very similar to that discussed above 
for 63 percent speed operating points. 

The radial distribution of the same physical parameters are given in Fig- 
ures 135 through 138 for the three 90 percent speed operating conditions. It 
is seen in these figures that the inlet and exit absolute flow velocities and 
flow angles at the flutter condition were not clearly separable from the cor- 
responding data at the nonflutter conditions. During the test, the 90 percent 
speed flutter condition could not be steadily maintained as has been mentioned 
before. There is good agreement between calculated and measured data for the 
inlet absolute velocity and for the exit absolute velocity and flow angle over 
the inner halfspan of the blade. 

For the two 95 percent speed operating points, Figures 139 through 142 
show the same physical quantities for the seven immersions. Fair agreement is 
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shown between the calculated and measured inlet absolute velocity in Figure 
139, but there is excellent agreement between the calculated and measured exit 
flow angle at the flutter condition as shown in Figure 142. Also, the inlet 
wedge probe measured flow angles agree well with the x-array data shown in 
Figure 140. For presently unknown reasons, the exit x-array measured extremely 
low flow velocities at the flutter point; these are not shown in Figure 141. 
However, based on the other three sets of flutter point data presented here, 
the flutter flow velocity should not be too far removed from that at the 
intermediate operating line, which agrees with the calculated data shown in 
Figure 141. 




6.7.2 Circumferential Variation of Absolute Velocity and Angle 


The ensemble averaged dar ■'easured by the x-array probes was used to 
calculate the absolute flow v ... • and direction (angle). Figures 143 and 
1-+4 are plots of this data for t . _nlet and exit x-array probes respectively 
at the 70 percent speed flutter point, each at three representative immersions 
Similar data is shown for the 95 percent speed flutter point in Figures 145 
and 146 (the previously mentioned inexplicably low exit flow velocity can be 
seen in Figure 146). In Figures 143 and 144, the individual blade passages 
can be clearly seen for the 70 percent speed flutter point. However, at the 
higher flow velocities for the 95 percent speed flutter point, the blade 
passages are no longer discernable, as can be seen in Figures 145 and 146. 


Contour plots of absolute flow velocity and flow angle as a function of 
the circumferential and adial coordinates were generated in the same fashion 
as was done for the casing Kulite data and the total pressure data. Figures 
147 through 160 show these contour plots for all flutter conditions - except 
for the 95 percent flutter data in the exit plane because of the low measured 
velocities. These plots show the absolute flow velocity and flow angle dis- 
tributions over about three (65 and 70 percent speeds) or four (90 and 95 per- 
cent speeds) blade passages, as one would observe in the rotor reference sys- 
tem in the absence of blade vibrations (they are time averaged). 


For 65 and 70 percent speed flutter, the periodic wake pattern is seen in 
both the flow velocity and flow angle plots, though it is less obvious in the 
exit plane for 70 percent speed flutter. The existence of the inlet casing 
boundary Uyer is apparent in Figures 147 and 148, for 65 percent speed flut- 
ter, and in Figures 151 and 152 for 70 percent speed flutter, because of the 
large gradient in flow velocity and flow angle near the casing. Both the cas- 
ing and the splitter boundary layers are apparent in the exit traverse plane 
as seen in Figures 149 and 150 for 65 percent speed flutter and in Figures 153 
and 154 for 70 percent speed flutter. 


For 90 and 95 percent speed flutter points, the resultant contour plots 
shown in Figures 155 through 160 indicate the variation in velocities and flow 
angles in the radial and circumferential direction. 


192 




Figure 143. Circumferential Variation of Inlet Absolute Velocity 
and Flow Angle, 70 Percent Speed Flutter* 
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Figure 145. Circumferential Variation of Inlet Absolute Velocity 
and Flow Angle, 95 Percent Sneed Flutter. 
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Figure 146. Circumferential Variation of Exit Absolute Velocity 
and Flow Angle, 95 Percent Speed Flutter. 
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igure 1 d 9. Inlet Absolute Velocity Contour Plot, 93 Percent 
Speed Flutter. 
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•ii^ure l^'!. Inlet How Ancle Contour Plot, 90 Percent Speed 

flutter. 


For the nonflutter conditions, reasonably good contour plots are provided 
in Appendix E for reference purposes. 


6.7,3 Analysis of Unsteady Absolute Velocity 

The aliased time history of the absolute flow velocity, along with that 
of the reference strain gage, were processed by the FFT/computer to obtain the 
linear and cross spectrum amplitudes, coherence, and relative phase for the 
selected intrablade points in the flowstream for each immersion. An example 
of the results of the spectral analyses of these aliased time histories are 
presented in Figure 161 for the 8.4 percent immersion, 70 percent speed flatter 
point. The spectral analysis results (the inlet absolute velocity amplitude 
and the phase relative to strain gage #828) for ten circumferential locations 
covering essentially one blade pitch are shown in Figures 162 and 163 respec- 
tively for the 70 percent speed flutter point. In Figure 162 a sudden drop in 
the unsteady inlet velocity between 14 and 8.4 percent immersion is seen on 
the pressure side of the blade leading edge (points 4, 5 and 6). This proba- 
bly implies a significant effect of the viscous boundary on the unsteady inlet 
velocity due to blade flutter. The phase data in Figure 163 again indicate 
forward traveling wave type oscillations at 70 percent speed flutter as the 
casing Kulite data and total pressure data did earlier. 


6.7.4 Traveling Wave Contents 

The traveling wave contents in the unsteady velocity data are seen in the 
linear spectra selected at representative immersions and shown in Figures 164 
through 169 for 70 percent speed flutter and in Figures 170 through 175 for 95 
percent speed flutter. In general, forward traveling waves show up consis- 
tently in the inlet and exit velocity data as they did in the unsteady casing 
Kulite data and in the unsteady total pressure data. For 70 percent speed 
flutter, higher harmonic components of the dominant traveling waves appear in 
both inlet and exit unsteady velocity data although there are more of the 
higher harmonic components in the inlet tra/erse plane than in the exit 
traverse plane. At the 95 percent speed flutter condition, higher harmonic 
components appear in the inlet traverse plane but not in the exit traverse 
plane . 


6.8 BUDE WORK PER MODE 


The aerodynamic damping was calculated, as indicated in Section 5.8, for 
the 70 and 95 percent speed flutter points. The forward traveling wave nodal 
diameter patterns considered were those shown to be predominant in the casing 
Kulite data of Section 6,5,3; n ■ 3 through 7 for 70 percent speed torsional 
flutter, and n ■ 2 through 5 for 95 percent speed flexural flutter. 

The results of these calculations are presented in Tables XXIIl and XXIV 
in terms of the log decrement, negative values ot which indicate 
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Circumferential Location (See Figure 18 ) 


Figure 163. Circumferential Phase Variation of 
Unsteady Inlet Velocity, 70 Percent 
Speed Flutter . 
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Inlet Velocity Spectrum, 58.2 Percent immersion, 70 Percent Speed Flutte 
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instability. For 70 percent speed torsional flutter, Table XXIII, the fourth 
and sixth nodal diameters are seen to be unstable, the fifth nodal diameter is 
marginally stable, and the third and seventh are stable. For 95 percent speed 
flexural flutter, Table XXIV, the third nodal diameter is shown to be unstable 
while the others (n = 2, 4, and 5) are stable. Also shown in Tables XXIII and 
XXIV are the blade tip pressure and suction surface pressure and phase data 
from the casing kulites. 

These results agree with the phase data obtained from the strain gage and 
light probe sensors as shown in Figures 66 and 67. However, the torsional 
flutter phase plot, Figure 66, does not indicate the sixth nodal diameter to 
be the principal flutter mode as does Table XXIII. These results also suggest 
that mistuning may serve to couple more than one nodal diameter mode in flut~ 
ter, at least in torsional flutter. Since no effort was made to systematically 
arrange the blades in the rotor, this fan had 2 percent random mistuning as 
can be seen in Figure 31, The strain gage response showed the high response 
region for torsional flutter to be circumferentially different from that for 
flexural flutter, with no correlation to high or low frequency blades. 

The presence of multiple nodal diameters in the instability suggests that 
a practical flutter prediction analysis should have the capability to consider 
multiple spatial harmonics. 
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7.0 SUMMARY, CONCLUSIONS. AND RECOMMENDATIONS 


7.1 SUMMARY 

The purpose of this program was to obtain detailed quantitative measure- 
I meats of both the steady and unsteady flowfields surrounding the rotor, and 

to determine the mechanical state of the rotor while it was operating in both 
the steady and flutter modes. 

The measured data needed to calculate the overall fan performance and 
blade element data were successfully obtained from both the fixed and the tra- 
versable instrumentation. Comparing the scale model rotor performance with 
that of the full scale fan verified that similar performance character Utics 
were achieved. The scale model rotor exhibited the same type of rotating stall 
and stall flutter as Fan C at similar aerodynamic conditions. 

The vibratory response of the fan blades was obtained from strain gage 
i signals in terms of stress amplitude, frequency, and interblade phase angle. 

I Each rotor blade was instrumented with one strain gage located so it would 

respond to the blade's first three vibratory modes. 

The strain gage data showed that there was virtually no separated flow 
vibration on this fan even at conditions near the flutter boundary. A» the 
flutter boundary, there was a sharp increase in blade stress, with some blades 
: responding at their established fatigue limits. A large variation in the blade 

stresses around the rotor was observed, by a factor of 8 in flexure and over 3 
I in torsion, with different maximum stress regions on the rotor depending upon 

; whether the flutter mode was flexure or torsion. Also, aerodynamic coupling 

[ forced all the blades to respond at the same flutter frequency, which was the 

t same as the blade's natural frequency. At flutter, the strain gage based 

I interblade phase angles showed that while there may be more than one traveling 

1 wave present, they are all forward traveling waves; n = 2 or 3 in flexural 

• flutter and n = 4 or 6 in torsional flutter. Moreover, the interblade phase 

; angles were found to be constant in time. 

r t..e primary objective of the blade deformation measurements made during 

I this program was to obtain the steady and unsteady tangential deflections of 

I each blade of the test stage while it operated at the onset of instability and 

I while it was in instability. These measurements were used to determine the 

I changes in blade stagger (untwist) and camber (chordwise bending) and to deter- 

mine the vibratory interblade phase angles. These measurements were success- 
fully made with casing-mounted light probes. Axial deformation measurements 
were also desired, but were not obtained due to light probe misalignment. 

The measured blade tip steady deflections agreed well with predictions. 
However, at the two spanwise locations the measured deflections showed only 
fair qualitative agreement with predictions due to reflectivity problems. The 
data showed that the steady untwist increased about 2* as the rotor speed was 


223 






increased from 63 to 95 percent of design. At all speeds, the untwist increased 
as the fan was throttled to the flutter boundary as would be expected with the 
increased loading. As calculated from the measured data, the chordwise bend- 
ing was shown to be largest at the flutter boundary, being greatest at the 
torsional flutter boundary. The measured unsteady deflections showed a cir- 
cumferential variation in the blade deflections similar to that of the strain 
gage data, with the maximum deflection occurring at about the same point on 
the rotor as the maximun stress. The light probe based interblade phase angles 
also agreed well with those from the strain gages by also indicating the exis- 
tence of forward traveling waves of different nodal diameters: n = 2 or 3 in 

flexural flutter and n = 4 or 6 in torsional flutter. 

Quantitative and qualitative measurements of the flowfield within a blade 
passage were made with two kinds of blade-mounted sensors: Kulites and hot- 

film sensors. Operational problems were encountered with both sensors: the 

mounting technique for the Kulites, the temperature compensation for the hot- 
films, and the induced strain sensitivity for both. A new installation tech- 
nique was developed for blade-mounted Kulite sensors which successfully reduced 
their sensitivity to mechanical strain. The limited qualitative data obtained 
from the blade-mounted Kulites showed the front portion of tue blade to be more 
highly loaded than the aft portion. 

Casing-mounted Kulites were successfully used to investigate the shock 
structure within the blade passage. The casing-mounted Kulite data provided 
the circumferential variation of the unsteady component of the static pres- 
sure, contour plots of the total static pressure distribution over the rotor 
blade tips, unsteady pressure relative amplit.jde and phasing, analysis of the 
traveling wave content present during flutter, and the unsteady pressure infor- 
mation on each side of the blade for the blade work/mode/cycle calculations. 

Static pressure distributions at the blade tip indicated that the pres- 
sure contours were well defined only through the forward half of the blade 
passage. Similarly, the pressure gradients associated with the presence of 
the blade were well defined only in the leading edge region. The location 
of the leading edge bow shock in the blade passage was accurately defined and 
Its forward movement in the blade passage was observed as the rotor was throt- 
tled toward the stall flutter boundary. Analysis also showed that the flutter 
related unsteady pressure amplitude did not repeat itself from blade passage 
to blade r>assage. Linear spectra of the casing Kulite data showed the flutter 
signals to be composed of several forward traveling waves and their harmonics. 
The amplitudes of these traveling wave components increase as a function of 
chordwise position from the blade leading edge, peaking at about 73 percent 
chord in torsional flutter and at about 45 percent chord in flexural flutter. 

The traveling wave information was used to generate the total unsteady pres- 
sure signal that would be perceived in the rotating reference system. Strong 
variations in the unsteady pressure magnitude were shown over an equivalent 
blade passage in both the circumferential and the axial directions. The cor- 
responding absolute phase angle data show a significant phase shift (about 
180 ) over the front portion of the blade. 
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j Traversable probes were successfully used to measure the radial distribu- 

j tions of the free stream total pressure at the rotor's exit plane and of the 

j two-dimensional flowfield data (absolute flow velocity and flow angle) forward 

r ^ and aft of the rotor. The data from these probes was used to obtain ensemble 

I average time histories, circumferentially averaged radial distributions, con- 

r tour plots of the radial distributions, circumferential amplitude variation 

^ and phasing relative to a reference strain gage, and traveling wave content. 

^ The radial distribution of the exit total pressure showed that the flow 

near the casing always had the largest total pressure due to fan compression 
^ and that the total pressure increases at all immersions when the fan was throt- 

t tied to the flutter boundary. The exit total pressure contour plots showed 

the blade wakes and areas of boundary layer buildup near the outer wall and at 
the splitter when the rotor was in torsional flutter. At the flexural flutter 
points and at the non-flutter points there was little or no evidence of the 
blade wakes. At the 70 percent speed flutter point, the unsteady pressure 
decreased as the blade approached the probe. Radially, the unsteady pressure 
was higher at the outer portion of the blade passage. Linear spectra of the 
unsteady exit total pressure showed evidence of forward traveling waves only 
near the outer wall. 

The measured inlet and exit absolute flow velocity and flow angle data 
agreed reasonably well with theoretical results except in the exit plane at 95 
percent speed. The flow velocities were generally larger at the inlet than at 
the exit. The unsteady inlet and exit flow velocities indicate flutter travel- 
ing wave contents similar to those indicated by the casing Kulite unsteady 
static pressure data. 

The rotor blade data obtained during this program permitted the evalua- 
tion of the rotor system's stability by means of the aerodynamic logarithmic 
decrement. This was done for the predominant traveling wave components. The 
results of these calculations corroborate the strain gage and light probe 
data: the 4- and 6-nodal diameter forward traveling waves are unstable at 

the 70 percent speed torsional flutter point, and the 3-nodal diameter forward 
traveling wave is unstable at the 95 percent speed flexural flutter poiat. 

7.2 CONCLUSIONS 

Extensive quantitative measurements were made for the relevant mechani- 
cal and aerodynamic parameters for the 31.3 percent scale model of the QEP Fan 
C rotor system at various operating conditions encompassing both flexural and 
torsional stall flutter as well as non-flutter points. The data suggests the 
fol lowing observations: 


The large circumferential variation in the blade stresses and deflec- 
tions at flutter strongly discourages any engine flutter test with 
only a few blades instrumented, unless one is certain that there 
wi 1 1 be only one traveling wave in the flatter mode or the most 
active or flutter-prone blade is known beforehand. 
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At high speeds (90 and 95 percent), strong bow shock waves inter- 
secting the adjacent blade's suction surface suggest that the flex- 
ural flutter may have been caused by the forward movement of the 

shock wave structure when the fan was throttled to the flutter 
bo undary . 

At low speeds (65 and 70 percent), the weak shock waves that were 
shown to exist in the steady flow field suggest that the torsional 
tiutter was due to something other than shock waves. 

The large phase jump across the front portion of the blade tip 

the unsteady pressure on the pressure and suction sides 
of the blade tend to act in the same direction rather chan against 
each other. Consequently, one would expect that a major portion of 
the work done by the air on the blades is over the leading edge por- 
tion of the blade. ® ^ 






The existence 
diameters in 
be important 


of many forward traveling waves of different nodal 
the flutter response suggests that blade mistuning may 
in determining the characteristics of flutter onset. 


Flutter response data obtained 
to serve as standard test cases 
niques . 


in this program are detailed enough 
for existing flutter prediction tech- 


7.3 RECOMMENDATIONS 


During initial component or engine tests, if all the blades cannot be 
instrumented some type of non-contacting stress measurement system (e.g. 
g probes) should be used to insure safe operation. The argument for light 

rev 5 ^ '^he time (once per 

olution), whereas strain gages monitor only a few blades all of the tLe. 

mountirf reliable measurements with blade- 

mounted aerodynamic instruinent at ion. 


a Capable of non-integral order data sampling would be 

a major contribution to greater phasing accuracy. 


Blade mistuning research will be 
c har ac t er i za t ion of this contributory 


important in obtaining a definitive 
aspect of cascade flatter. 


A better understanding of the physics of 
by a more in-depth analysis of the voluminous 
program . 


stall flutter may be obtained 
flutter data obtained in this 


The 

flutter p 
codes . 


data obtained during this program should be used 
rediction codes and to provide insight for the d 


to validate existing 
evelopment of new 
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APPENDIX A 


PCT IMM 

IN 

OUT 

RADIUS 

MERID ANGLE 

STREAM FUNCT 

ABS ANGLE 

REL ANGLE 

ABS VEL 
REL VEL 

MERID VEL 

TANG VEL 

BLADE SPEED 
ABS ^^ACH NO 
REL MACH NO 
STATIC PRES 
TOTAL PRES 
TOTAL TEMP 


BLADE ELEMENT DATA NOMENCLATURE 


Subscript 1 
Subscript 2 
r 


4 ' 


a 


8 ’ 
V 


V 


Percent iimnersion, OZ at casing wall 

Value at rotor leading edge 

Value at rotor trailing edge 

Radius from rotor centerline, cm (in.) 

Meridional angle, measured between stream 
surface and cylindrical surface, deg. 

Stream function, 0.0 to 1.0 from rotor tip 
to rotor hub 

Absolute flow angle, measured from axial 
direction, deg. 

Relative flow angle, measured from axial 
direction, deg. 

Absolute air velocity, m/ sec (ft/sec) 

Air Velocity relative to rotor blade, m/sec 
(ft/ sec ) 


Vn, Meridional component of air velocity, m/sec 

(ft/sec) 

Ve Tangential component of air velocity, m/sec 

(ft/sec ) 

V Rotor speed, m/sec (ft/sec) 

M Absolute Mach number 

‘'lach number relative to rotor blade 

p Static pressure, N/cm^ (psi) 

P Total or stagnation pressure, N/cm^ (psi) 

T Total or stagnation temperature, * K (* R) 
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INCIDEMCC, ML 


1 


INCIDENCE, SS 


D-FACT 


Meanline incidence angle, difference 
between flow angle and the blade camber 
Line angle at the leading edge in the 
cascade projection, deg. 

Suction surface incidence angle, difference 
between flow angle and the blade suction 
surface angle near the leading edge, deg. 

Deviation angle, difference between flow 
angle and blade camber line angle at trail- 
ing edge in the cascade projection, deg. 

Change in the relative flow angle from 
rotor inlet to exit, deg. 

Diffusion factor 


v: (r Vq) - (r Ve) 

D = 1 f + = 1 

2 r a 


LOSS COEF 


Total pressure loss coefficient 


p» . p » 

2 .^ 2 
id 


LOSS PARAM 


Loss parameter 


0 ) cos 6, 


EFFICIENCY, ADIA 
EFFICIENCY, POLY 


INLET CORR WTFLOW 


Adiabatic efficiency 
Poly tropic efficiency 

Corrected inlet flow rate = w/9^/6, kg/sec 
(Ibm/sec) 


PRESS RATIO 


TEMP RATIO 


ADIA EFF 


Stage pressure ratio * ^2^^! 

Stage temperature ratio * ^ 2 /!^ 
Mass-weighted average adiabatic efficiency 


INLET CORR RPM 


Corrected rotor speed = N//9 
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Table A-1 . Design Point (Predicted) 3 
(a) Metric 


dle;nent dat 


Percent 
Inaers ion 


5 

.0 

26 

.152 

10 

,0 

: 25 

.339 

15 

.0 

1 24 

.509 

30 

u 

! 21 

.971 

50 

0 

1 18 

612 

60 

0 

! 16 

925 

70, 

,0 

! 15. 

222 

80. 

0 


478 

85. 

0 

1 12. 

581 

90. 

0 

, 11. 

666 

95. 

0 

I 10. 

735 


Rad i us 

~tn ^ Out" 


23.453 
24.t'95 
23.954 
21.780 
18.856 
I '.401 
15.963 
14.366 
13.892 
'-3.236 
12.596 


Meridional 

An^le 

In Out 


St ream 
Funct ion 
1 Out 


Abso lute 
Anj^le 
In uut 


U.06^ 

0.0o7 

u 

U. 129 

U.133 

u 

0.195 

' 0. 197 

0, 

0.386 

0.385 

i O' 

0.61U 

0.611 

0. 

0.707 

0.709 ! 

0. 

0.795 

■ 0. 797 , 

u. 

0.874 

0.874 1 

0. 

0.909 

0.91O ; 

0. 

0.942 

0.943 1 

0. 


Re lat ive 
Angle 
In ju 


Absolute 
Percent Velocity 

Imersion in ^ OuF 


Relat ive 
Ve loc ity 


Meriodional ; Tangential 
_Velocity : Velocity 



Absolute 
Mach No. 



Percent 
■■ers ion 


Incidence 


Relat Lve 
Mach No. 

"in ' Or- 


Oeviat ion 
Angle 

Turning 

‘■ngle 

3.6 

5.2 

3.8 

. 7 

3. : 

6 2 

3.1 

6. j 

5.9 

8 . 9 

6 . 4 

12.0 

7.6 

16 . 3 

U . 3 

23.8 

13.3 

28.5 

13.5 

33. 5 

1 

38. 3 


Stat ic 
Pressure 


Total 

Pressure 


10.82 ) 10.14 


U-Factor 


Total 

Teaperat 


Loss 

Coef f ic lent 


Adiasati 


Inlet Corrosi 
Weight Flov 


Pressure 
Ratio 1 

Teaperstur# 

Adubatic 

_ tf f ic lency I 

Inlet Corrosion 

1.63U 1 

r 1 . 1 708 

’ .).88o 

RPM 

1 > , ' ^ 
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OHIGINAL PAGC -S 
OF POOR QUALITY 


Blade Element Data (Ccncia, 

(p) English 


Percent 
Ibm rs ion 


Her id lone 1 
Angle 

In Out 

-9.2 

-6.3 

-7.6 

-6.7 

-6 3 

-5.7 

-1.7 

-2 3 

3.9 

3.3 

6.9 

5.8 

10.4 

8.1 

14.9 

6.9 

17.6 

7.2 

20.5 

7.8 

23.3 ' 

8.4 


Streae 
Funct ion 


Absolute 

Angle 


ReUt ive 
Angle 


Percent 
1 mm rt ion 


Absolute 
Veloci ty 


RoUtive 
Ve loc ity 


10^8 . b 

1159.5 

1592.5 

1128.0 

1557.7 

1107.0 

1445 .9 

1012.4 

1292.6 

844. 0 

1216.9 

763. 6 

1140.8 

685 8 


Her iodionel 
Ve locitv 
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.2 

708.0 
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.6 i 1 

696.5 


Percent 

mrsion 
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Hech Wo 

Tn ! oCTT 


St et ic 
Pretiare 

~Tn ! ojrr 
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Tn ^ Out 
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0.641 n^'>7 I A Cl 
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Table B-11 


SECTION I 


CENTIMETERS 


X 

Y 

0.03358 

0.35621 

-0. 19728 

1 . 15654 

-0.47297 

1.94401 

-0.74591 

2 .67302 

-1 .00528 

3 .31859 

-1.21610 

3.86331 

-1 . 36515 

4.25300 

-1 . 45603 

4.49913 

- 1 . 5.0 U 9 

4.63649 

-1 .53660 

4 . 63740 

-1 . 53592 

4 . 67093 

-1 .53850 

4 .58483 

-1.49344 

4.40781 

-1 . ''-02 3 1 

4.11284 

-1 . 25291 

3.66420 

-1 ..05783 

3.06464 

-0.82322 

2 .37884 

-0.57335 

1.61351 

-0.34099 

0.31209 

-0. 12497 

0 . .J0607 

0.03395 

-0.30051 

0.32738 

-1 .59047 

0.56482 

-2.30297 

0,79045 

-2.93124 

0.93523 

-3 . 12 209 

1 . 12367 

-3.75448 

1 .2 1925 

-3.95572 

1 . 2 66 8 5 

-4.05831 

1 . 3.04 9 8 

-4.09049 

1.31163 

-4 .04114 

1 .23359 

-3.93156 

1 . 22852 

-3.71790 

1.13716 

-3 . 36804 

0. 93093 

-2 , 86027 

0.77031 

-2.23007 

0.54493 

-1.51404 

0. 3183.0 

-0,72050 

0. 10937 

0.08722 

RADIUS = 

27.26944 CM 

CHORD = 

9.24560 CM 

RLE 

0.01524 CM 

RTE 

0.02286 CM 

DELTA = 

1 .25780 RAD 


INCHES 


X 

Y 

0.01519 

0. U024 

-0.07767 

0.45533 

-0. 18621 

0.7:320 

-0.29406 

1 .05237 

-0. 39578 

1 .30653 

-0.47878 

1 .52099 

-0.53746 

1 .67441 

-0.57324 

1.77131 

-0. 59220 

1 .32539 

-0.60396 

1 .84937 

-0.61296 

1 .33395 

-0.60571 

i . 80505 

-0.58797 

1 .73536 

- 0 . 5 b 2 .'4 ^ 

i . 6 19-13 

-0.49327 

1 .44260 

-0.4 1647 

1 .20655 

-0.32607 

0.93655 

-0.22573 

0.63524 

-0. 13425 

0.31972 

-0.04920 

0.00239 

0.03502 

-0.31516 

0. 12889 

-0.62617 

0.22237 

-0.90668 

0.31120 

-1 . 15403 

0.38830 

- 1 .34728 

0.44436 

-1 . 47814 

0.48002 

-1 .55737 

0.49876 

-1 .59776 

0.51377 

-1 .61043 

0.51641 

-1.59100 

0.50535 

-1 .54786 

0.48367 

-! .46374 

0.44770 

-1 . 32600 

0.39013 

-1 . 12609 

0.30347 

-0.87793 

0 . 2 U 5 4 

-0.59608 

0. 12551 

-0.23366 

0.04306 

0.03434 


= 10.73600 INCHES 
3.6 4000 INCHIS 
= 0.00600 INCHES 

= 0.00900 INCHES 

= 72.06667 DEG. 





















APPENDIX D - EXAMPLES OF UNSTEADY DATA COMPUTER PROCESSING 
Table D~l, Casing Kulite Ensemble Average for 200 Points. 


IHKX 

1 

S 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 


MJ4BEP OF FWCS IN T>€ PN£»€£ • 

n;£2p of swz points -aS 

aWLE RP75 - 320000. 


SPEED . 11680 

PIPCH hLNBER - 0.S00 

R8DIPL POSITION • 10.9 


pi:»Tfr«b. 
(INOCS) 
0.0000E-K)0 
0.4O13E-01 
0.8027E-01 
0 i204S>0e 
0.1605C400 
0.S007£4^ 
0.8408E-(^ 
0.S809E>00 
0.3211E'«^ 
0.36l2E-^00 
0.40l3E>00 
0.4415E+00 
0.4816E+00 
0.5217E-^ 
0.S619E<^ 
0.60006 >00 
0.64£1E>00 
0 68236^ 
0.7SS4E>00 
0.76aSE>00 
0.803T6>00 
0.842SE+00 
0.88296+00 
0.S231E+00 
0.9632E+00 
0.1003E+01 
0 1043E+01 
0. 10846+01 
0.11246+01 
0.11646+01 
0 12046+01 
0. 12446+01 
0. 12846+01 
0.13246+01 
0. 13656+01 
0. 14056+01 
0 14456+01 
0.14856+01 
0.1S2SE+01 
0 15656+01 
0.16056+01 
0 16456+01 
0 16866+01 
0 lTaSE+01 
0 17666+01 
0 18066+01 
0.18466+01 
0.18866+01 
0 19266+01 
0.19676+01 
0.20076+01 
0.20476+01 
0.20876+01 
0.21276+01 
0.21676+01 
0.22076+01 
0.22476+01 
0 . 22886+01 
0.23236+01 
0.23686+01 
0.24036+01 
0 244SE+01 
0.24886+01 
0.25286+01 
0.25696+01 
0 26096+01 
0.26496+01 
0. 26896 +01 
0 . 27296+01 
0.27696+01 
0.28096+01 
0 28506+01 
0.23906+01 
0 23306+01 
0 29706+01 
0 30106+01 
0 30506+01 
0.30906+01 
0.31306+01 
0.31716+01 
0 321 lE+01 
0 3251E+01 
0 329 IE *01 
0 3331E+01 
0.3371E+01 
0 3411E+01 
0 3452E+01 
0 3492E*01 
0 3532E*0l 
0 jS726+0i 
0 3612E+01 
0 3653+01 
0 36926+01 
0 37326+01 
0 3T736+01 
0 3B13E+01 
0 3853E+01 
0.3B93E+01 
0. 39336 +01 
0 39736+01 


(PSI 

0.11066+01 
0. 104oe+01 
0.94466+00 
0.91356+00 
0.89216+00 
0.86806+00 
0.82296+00 
0.7874e+00 

0.783r:E+00 
0.74826+00 
0.70906+00 
0.66166+00 
0.61646+00 
0.56506+00 
0.S791E+00 
0.623^+00 
0.48166+00 
0.41416+00 
0.6337E+e0 
0.5663E+00 
0.3491E+00 
0.39386+00 
0.32786+00 
0.1958E+00 
0.11666+00 
-^.76336-02 
-0.1044E+00 
-0.31636+00 
-0.6961E+00 
-0 1028E+01 
-0.141SE+01 
-0. 1668E+01 
-0, 1783E+01 
-0. 19576+01 
-0.1891E+01 
-0. 16676+01 
-0. 1408E+01 
-0. 1110E+01 
-0 9404E+00 
-0.7666E+00 
-0.59946+00 
-0.61906+00 
-0.S832E+00 
-0.57216+00 
-0. 5167E +00 
-0.2778E+00 
-0.2322E+00 
-0.27796+00 
-0.24SSE+00 
-0.23856+00 
-0 16306+00 
-0.68S5E-01 
0.68626-01 
0.23736+00 
0.30506+00 
0.45596+00 
0.66826+00 
0.720S6+00 
0.79076+00 
0.91656+00 
0 95516+00 
0.91956+00 
0.79396+00 
0.84936+00 
0.96866+00 
0. 86016 +00 
0.67226+00 
0.664X+00 
0.7^36*00 
0.90446+00 
0 67a7E+00 
0 65626+00 
0.65046-»00 
0.56276+00 
0.54036+00 
0.61326+00 
0. 65636+00 
0 61586+00 
0,60076+00 
0 62306*00 
0.69546+00 
0,73586+00 
0.630X+00 
0 73626*00 
0.88826*00 
0.69856*00 
0 37076*00 
0 56396*00 
0 38656*00 
0 15176*00 
-0 62826-01 
-0 37116*00 
"0 69316 *00 
-0 95736+00 
-0.12516*01 
-0.14176+01 
-0 14366+01 
-0 143«+0l 
-0.12856*01 
-0 lilX+01 


ircex 

oisrpNce 

(IN06S) 

CK t 705 
(PSI 

101 

0.401X+01 

-0 9133E+00 

102 

0.40546+01 

-0.68646+00 

103 

0.40946+01 

-0 59046+00 

104 

0.41346+01 

-0,44296+00 

105 

0.41746+01 

-0.2166E+00 

106 

0.42146+01 

-0 . 16246+00 

107 

0.42546+01 

-0 16546+00 

108 

0.42946+01 

-0.1525E+00 

109 

0.43346+01 

-0.1615E+00 

110 

0.4375E*01 

-0.18116+00 

111 

0.44156*01 

-0.20676+00 

112 

0.44556+01 

-0.13126+00 

113 

0.44956+01 

-0.88706-01 

114 

0.45356+01 

0.22216-01 

115 

0.45756+01 

0.11 196+00 

lie 

0.46156+01 

0.33046+00 

117 

0.465GC+01 

0.44246+00 

118 

0.46966+01 

0.48616+00 

119 

0.47366+01 

0 67106+00 

120 

0.47766+01 

0.73736+00 

121 

0.48166+01 

0 74966+00 

122 

0.48566+01 

0 80806+00 

123 

0 48966+01 

0.839X+00 

124 

0.4336E+01 

0. 85426+00 

125 

0.49776+01 

0 87956+00 

126 

0.50176+01 

0.954X+00 

127 

0.50576+01 

0 9T746+O0 

128 

0.50976+01 

0.91596+00 

129 

0,51376+01 

0 . 32226+00 

130 

0.51776+01 

0.10136+01 

131 

0.52176+01 

0. 1O45E+01 

132 

0.52536+01 

0.90456+00 

133 

0.52936+01 

0.79806+00 

134 

0.53336+01 

0.81096+00 

135 

0.53736+01 

0.62956+00 

136 

0 541S6+01 

0 46016+00 

137 

0 54526+01 

0 42496+00 

138 

0 S49S6+01 

0.33016+00 

139 

0.553S6+01 

0.37396+00 

140 

0 55796+01 

0.50236+00 

141 

0 56196+01 

0.46436+00 

142 

0 56596+01 

0 32936+00 

143 

0 56396+01 

0.33956+00 

144 

0 57396+01 

0. 35006+00 

145 

0 57796+01 

0.21726+00 

146 

0 5S19E+01 

0 21696+00 

147 

0 58606+01 

0 . 23286+00 

148 

0 5900E+01 

0 21176+00 

149 

e. 59406+01 

0.20646+00 

150 

0 59806+01 

0. 18786+00 

151 

0 6020E+01 

0.27716-01 

152 

0 60606+01 

-0. 19146+00 

153 

0 61006+01 

-0.28826+00 

154 

0.61406+01 

-0.44256+00 

155 

0.61816+01 

-0.64876+00 

156 

0 62216+01 

-0.95646+00 

157 

0 62616+01 

-0. 13196+01 

158 

0 63016+01 

-0. 14406+01 

159 

0 63416+01 

-0. 16466+01 

160 

0.6381E+01 

-0. 18796+01 

161 

0 64216+01 

-0 18926+01 

162 

0.64626+01 

-0. 18026+01 

163 

06S02E+01 

-0. 16336+01 

164 

0 6542E+01 

-0 13506+01 

165 

0 6S82E+01 

-0. 13336+01 

166 

0.6622E+01 

-0 79726+00 

167 

0 6662E+01 

-0 63306+00 

168 

0.6702E+01 

-0.51056+00 

169 

0 6742E+01 

-0 38956+00 

170 

0 67SX+01 

-0 29656+00 

171 

0.SS2X+01 

-0 31086+00 

172 

0.686X+01 

-0 29146+00 

173 

0.690X+01 

-O 19376+00 

171 

0 694X+01 

-0 12386+00 

175 

0.698X+01 

-0 11046+00 

176 

0 . 702X+O1 

-0 10546+00 

177 

0 70646+01 

-0 12216-02 

178 

0 71046*OI 

0 12896+00 

179 

0. 71446+01 

0 22726+00 

180 

0 7184E+01 

0 34176+00 

181 

0 72246+01 

0 4485E+00 

182 

0 72646+0! 

0 5541E+00 

183 

0 7304€;4.oi 

0 61646+00 

184 

0 73446^0 1 

0 67876+00 

185 

0 73856*01 

0 80176+00 

186 

0 7425E+01 

0 84386+00 

187 

0 7465E+01 

0 83106*00 

188 

0 ’5066*01 

0 76566+00 

189 

0 754X*01 

0 74156+00 

190 

0 75®St*0l 

0 810^+00 

191 

0 ’6256*01 

0 81386+00 

192 

9 ’666«E*0l 

0 7667E^00 

193 

0 77056*01 

0.83456+00 

194 

0 774<5E:«.ei 

0 S76t6+<0 

195 

a.TTBee^oi 

0 743.46+00 

196 

0 752se*01 

0 67496+00 

197 

0 786€6*01 

0 64466+00 

198 

0 ^^066*01 

0 51446+00 

199 

0 ’9466*01 

0 47526+00 

9m 

0 7gr>E*«i 

O.S338C+0O 






Table D-2. Cross Spectral Analysis of Casing Kulite and Reference 
Strain Gage for Phasing. 


Pt^ERfiOE SPEED • 11690 

ciRorTEReyriAL location - 
CHANNEL A - SG « 828 


0.21271E+01 


MACH NUMBER - 0.500 

RADIAL POSITION - 10.500 

CHAhT€L B • CK « 705 


ircEx 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 
43 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 


P9EQUENCV 

H2 

0.00 
1.52 
3.04 
4.56 
6.08 
7.60 
9.12 
10 65 

12.17 

13.69 

15.21 
16.73 

18.25 

19.77 

21.29 
22 81 
24 33 
25. SS 
27,37 
28.90 
30.42 
31.94 
33.46 
34,98 
36.50 
38.02 
39.54 
41.06 
42.58 
44.10 
45.62 
47,15 
48 67 
50,19 
51 71 
53,23 
54.75 
56.27 
57.79 
53.31 
60.83 
62.35 
63.87 
65.40 
66.92 
68.44 
69.96 
71,48 
73,00 
74.52 
76.04 
77 56 
79.08 
80.60 
32.12 
83.65 

85. 17 

86.69 

88.21 
89 73 

91.25 

92.77 

94.29 
95.81 


CfiOSS-SPECTRLTI 
MAGNITUDE 
0.6610E-Mdl 
0.2444E+00 
0.85S3E-01 
0 . 2444E>00 
0.2S10E+00 
0.6476E+00 
0.2322E+00 
0.9286E-^ 
0,3G66E-01 
0. 1711E+00 
0.2933E+00 
0.7820E+00 
0. 1173E+01 
0 . 41S4E+00 
0.4O32E+00 
0.24442-01 
0.1955E-HD0 
0 . 1344E+00 
0,S865E-K30 
e.GlTTE^^ 
0.5254E-H90 
0 , 1466E-K00 
0 4888E-01 
0.6476E-H30 
0.7331E-01 
0 . 1833E-^ 
0.2566E+00 
0.3177E+00 
0 . 1833E+00 
0 1833E+00 
0 . 3421 E-H30 
0.1222E+00 
0.2810E+00 
0. 1222E-f00 
0 . 1344E+00 
0.3666E+00 
0.1955E+00 
0.19S5E+00 
0. 1344E+00 
0.2810E+00 
0. 1026£-^0l 
0.4S21E+00 
0, 1466E+00 
0.7331E+00 
0.7576E^00 
0.6354E<*^ 
0.3910E400 
0.6476E+00 
0 8SS3E-01 
0.63S4E+00 
0. 1124E-f01 
0 1454E+01 
0. 1067E-Ha2 
0.3374E-^^ 

0 . 1735E+01 
0. 10O2E+01 
0 2370E+01 
0 7576E+00 
0. 1711E+00 
0 2322E+00 
0 2077E+00 
0.4643E>00 
0 3543E'^ 

0 14€6E'^ 


PHASE ANC3LE 
XGREE5 
-180.00 
-84.38 
-39.37 

78.75 
-30.94 

45.00 
22.50 
61,87 
135.00 
56,25 
-144 84 
-14 06 
60,47 
-105.47 
-161.72 
135.00 

129.37 

123.75 
-59.06 
160.31 
-43,59 
146 25 
-78,75 

50,62 

33.75 
149,06 

-106,87 
137 31 
-123.75 
-33,75 
125.16 
28.13 
-78,75 
-73,12 
-123.75 
8.44 
-132,19 

129.37 

168.75 
46.41 
-5 63 

-99.84 
0.00 
31.56 
33.75 
-123.75 
40,78 
-119.53 
-67,50 
-160.31 
-39.37 
-1.41 
-5,63 
43,59 
140 63 
52 03 
42 19 
105.47 
-30 94 

70.31 
67 50 

130.78 
2 31 

25.31 


ALTTO-CH A 

ALFTO-CH B 

COHERENCE 

0.4377E+01 

0 1507E+01 

1.000 

0.7425E+00 

0.35422-^ 

0.863 

0.1368E'*^ 

0.57402+00 

1.000 

0.2736E+00 

0.8S98E+00 

1.000 

0.3S17E+00 

0.8S74E+00 

0.869 

0.9380E+00 

0. 79632+00 

0,752 

0.4299E+00 

0,61062+00 

0.782 

0.8S98E-t^ 

0.11582+01 

0,870 

0.5862E-01 

0 , 5^40E+00 

1 .000 

0 , 5765E+00 

0.29562+00 

1.000 

0.3908E-^ 

0 71322+00 

1.000 

0.8989E+00 

0 . 89642+00 

0.942 

0.9770E+00 

0,13122+01 

0,838 

0.4983E+00 

0 . 78652+00 

1.000 

0. 106SE-^1 

0 39082+00 

0.939 

0.20S2E+00 

0.90282-01 

1.000 

0.29315-^00 

0 , 65462+00 

1.000 

0.3517E-I-00 

d' . 38352+00 

0.993 

0 . 6448E400 

e 93312+00 

0.9S0 

0.4006E+00 

0,81832+00 

0.939 

0.7621E+00 

0 . 7474E+00 

0.851 

0.3810E+00 

0 . 38S9E+O0 

0 994 

0 22475 -N^ 

0 . 1954E+O0 

1.000 

0. 1045E-KJ1 

0.7157E+00 

0.749 

0.488SE-01 

0 13312+01 

1.000 

0.2931E+00 

0,57892+00 

1.000 

0.4494E+00 

0 . 59602+00 

0.918 

0,61555-^ 

0.50562+00 

1.000 

0.4104£:+00 

0 . 44462+00 

1.000 

0,48852+00 

0,40062+00 

0.877 

0.3615E+00 

0.10582+01 

0.801 

0. 50312+00 

0,26142+00 

0,847 

0 . 23452+00 

0.1212E+01 

0.979 

0.3O29E+00 

0,36152+00 

1.000 

0,37132+00 

0 . 30782+00 

1.000 

0. U92E+01 

0 . 33462+00 

0.845 

0.41042+00 

0. 41772+00 

1.000 

0.52762+00 

0.34442+00 

1.000 

0.4104E+00 

0.2882E+00 

1.000 

0.45922+00 

0 . 65712+00 

0.S68 

0.80122+00 

0.13432+01 

0.909 

0.87932+00 

0.54232+00 

0.899 

0 . 2247E+00 

0.67662+00 

0.930 

0.81092+00 

0.9990E+00 

0,819 

0.58622+00 

0.1473E+01 

0.770 

0.63512+00 

0.1077E+01 

0.863 

0.5667E+00 

0.74252+00 

0,863 

0. 15242+01 

0.4421E+00 

0 924 

0. 1348E+01 

0 65952-01 

0.935 

0.2198E+01 

0.3102E+00 

0.8S3 

0. 13482+01 

0.95512+00 

0.762 

0.9966E+00 

0.15362+01 

0.902 

0.3683E+01 

0 29952+01 

0 935 

0.66152+01 

0 . 5957E+01 

0 733 

0, 12662+01 

0. 10502+01 

0.784 

0, 15932+01 

0 71812+00 

0 768 

0 1983E+01 

0 1304E+01 

0.840 

0. 10945-^1 

0.76212+00 

0.825 

0. 10752+01 

0. 15632+00 

1.000 

0 9477E+00 

0 . 26382+00 

0 862 

0.15632+00 

0.14662+01 

0 822 

0.70352+00 

0 . 6693E+00 

0,973 

0. 31272+00 

0. 1258E+01 

0.812 

0. 17592*^ 

0 80362+00 

1.000 
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Table D-3. 


Pj Yaw Probe Ensemble Average 


for 200 Points. 


of nvvcs in Tvc averme 
op'smZ PoiKTs • aw 

^ 


0KX 

DifiTAfCe 

ympL 

TCE59UNE 

VAJ 

PTGLE 

1 

(INOCSl 

• .0O00640O 

(PSD 

0, 18476400 

CD6GPE65) 
81 70 

3 

0.76126-01 

0. 1844E402 

81 .70 

5 

0.15226400 

0.18446402 

81 .70 

7 

0.22846400 

0.18476402 

81 70 

9 

0.30456400 

0.18456402 

81 .70 

11 

0.38066400 

0.18486402 

81.70 

13 

0.4567E400 

0. 18446402 

81 .70 

15 

0.53296400 

0.184X402 

81 .70 

17 

0.60906400 

0.18406402 

81.70 

19 

0 . 68516400 

0.18486402 

81 70 

21 

0.76126400 

0.18636402 

81.70 

23 

0.83746400 

0.18556402 

81.70 

25 

0.91356400 

0.13516402 

81.70 

27 

0.98966400 

0.18506402 

81 70 

29 

0 . 10666401 

0.18576402 

81 70 

31 

0. 11426 401 

0.1861E402 

81 70 

33 

0.12186401 

0.18816402 

81 70 

35 

0 . 12946401 

0.18976402 

81 70 

37 

0.13706+01 

0. 18906402 

81 70 

39 

0.14466401 

0.18926402 

81 70 

41 

0 . 15226401 

0, 18756402 

81 70 

43 

0.15996401 

0,18736+02 

81 70 

45 

0 . 16756401 

0.18676+02 

81 70 

47 

0,17516401 

0,18786+02 

81 70 

49 

0.1827E401 

0 18856+02 

81.70 

51 

0.19036401 

0.19016+02 

81 70 

53 

0,19796401 

0.19006+02 

81 70 

55 

0.20556401 

0.19216+02 

81 70 

57 

0.2131E401 

0.13206+02 

81,70 

59 

0 22086401 

0.19256+02 

81 70 

61 

0.22846401 

0,19276+02 

31 70 

63 

0.23606+01 

0.19446402 

81 70 

65 

0.24366+01 

0 . 19456+02 

81 70 

67 

0.25126+01 

0,19606+02 

81.70 

69 

0.25886+01 

0.19536+02 

s. 

71 

0.26646+01 

0 . 194X+02 

81 70 


0.27406+01 

0 . 19346+02 

81.70 


0.28176+01 

0.19416+02 

81.70 

77 

0.28936401 

0.19306+02 

81.70 

79 

0.29696401 

0.19256402 

31.70 

81 

0 30456401 

0.19226+02 

81 70 

83 

0 31216401 

0.19016+02 

81.70 

85 

0.3197E401 

0.19016+02 

81.70 

87 

0 32736401 

0. 19096+02 

81.70 

89 

0.33496401 

0.19056+02 

81 70 


91 

93 

96 

97 
90 

lei 

103 

105 

107 

109 

111 

113 

115 

117 

119 

121 


e 34266^1 

• . 35026^1 

• 367aE>»^l 
0.36S4£<^1 
0.3730C+01 
0 3806E<^1 
0.3882E-^1 
0.3968E<^01 
0. 40356^1 
0,4111E-^1 
0.4187E+01 
0.42£3E>01 
0.4339E-t^l 
0.441SE<^1 
0.4491E+01 
0.4567E<^01 


123 

0.46446+01 

125 

0.47206+01 

127 

0.47966401 

129 

0.48726+01 

131 

0.49486+01 

133 

9.50246+01 

136 

0.51006+01 

137 

0.51766+01 

139 

0 52536+01 

141 

0.53296+01 

143 

0.54056+01 

145 

0.54816+01 

147 

0.SSB76401 

149 

0.56336401 

151 

0.57096+01 

153 

0.57856+01 

155 

0.58626+01 

IS7 

0.59386+01 

159 

161 

0.601 46+^ 
0.6O9O6+O1 

163 

0.61666+01 

166 

0.62426+01 

167 

0.63186401 

169 

0 63946+01 

171 

0.64716+01 

173 

0.85476+01 

ITS 

0.66236+01 

177 

0.6699E+01 

179 

0 67756401 

181 

0.68516+01 

1K3 

0 60276+01 

185 

• 70036+01 

187 

• 70006+01 

139 

0.71566+01 

191 

• 72326401 

193 

• 7308E+O1 

196 

• 73846+01 

197 

• 74006 +01 

199 

0.7»6401 


0.190eE*^ 

0.1906E^ 

• . 19196^ 
0.1923E^ 
0.19a3e-»0S 
0. 1918£+0a 
0.19236^02 
^A918E*^ 
0.1930E^ 
0.1936£'^ 
0.1930E‘^ 
0.1932E<^ 
0. 1917E+02 
0.19206-^ 
O.1923E+02 
0.1934£4^ 
0.19l5E-^02 
0.1919E<^ 
0.l9l8£-(^ 
0.1928E<^ 
0.l931E>0e 
e.l931£-^02 
0.1918E<^ 
0.1917E+02 
0.1916E-^ 
0.l9a6E«02 
0.19236^ 

0 1913E4«2 

• .19126402 

• 1927E402 
0.l947E40e 

• 19276402 

•19226402 

• 19246402 

• 19216<^ 
•.19236402 
•19186402 

• 19136402 
•19056402 

• 19096402 

• 1901E40d 

• 19166402 

• 19186402 

• 19306402 

• 19296402 

• 19396402 
•19306402 

• 19486402 

• 19 

• 19 

• 191 

• 19786402 

• 19KS400 


81 70 
81 70 
81.70 
SI. 70 
81 79 
81 70 
81 70 
81.70 
81.70 
81.70 
81.70 
81. ?• 
Cl. 70 
81.70 
81.70 
81.70 
81.70 
81 70 
81.70 
81 .70 
81.70 
81 .70 
81 70 
81 .70 
81 .70 
81 70 
81 .70 
81.70 
81.70 
81 .70 
81 .70 
81 70 
81 .70 
81 .70 
81.70 
81 70 
81.70 
81. 7* 
81 .70 
81 70 
81 70 
81 70 
81 70 
81 70 
81 70 
81 70 
81 70 
81 70 
81 70 
II 70 
81 70 
81 7« 
•1 70 
II 70 


average speed 4 11* 

I8ACH HJ1BER - 0 500 


RADIAL 

POSITION • 

1K£K 

OISTAfCC 

IINCHES) 

3 

0 39066-01 

4 

0,11426+00 

6 

0.190X+00 

8 

0.26646+00 

10 

0.34266+00 

12 

0 41876+00 

14 

0 . 49486+00 

16 

0.57096+00 

18 

0,64716+00 

20 

0.72326+00 

22 

0.79936+00 

24 

0.87546+00 

26 

0.95166+00 

28 

0.10286+01 

30 

0. 11046+01 

32 

0.11806+01 

34 

0.12566+01 

36 

0 13326+01 

38 

0.14086+01 

40 

0 14846+01 

42 

0. 15616+01 

44 

0 16376+01 

46 

0.171X+01 

48 

0.17896+01 

50 

0,18656+01 

52 

0.19416+01 

54 

0.20176+01 

56 

0.20036+01 

58 

0.21706+01 

60 

0.22466+01 

62 

0.23226+01 

64 

0.23986+01 

66 

0,24746+01 

68 

0.25506+01 

70 

0.26266+01 

72 

0.27026+01 

74 

0.27796+01 

76 

0. 28556+01 

78 

0.29316+01 

90 

0,30076+01 

82 

0.308X+01 

84 

0.31596+01 

86 

0 32356+01 

88 

0.33116+01 

90 

0.33836+01 

92 

0.34646+01 

94 

0.35406+01 

96 

0.36166+01 

98 

0.36926+01 

100 

0.37686+01 

102 

0.38446+01 

104 

0 39206+01 

106 

0,39976+01 

108 

0 407X+01 

110 

0.41496+01 

112 

0.42256+01 

114 

0 43016+01 

116 

0,43776+01 

118 

0 . 44536+01 

120 

0.45296+01 

122 

0.46066+01 

124 

0 46826+01 

126 

0,47586+01 

128 

0. 43346+01 

130 

3 49106+01 

132 

0.4986E+01 

134 

0.50626+01 

136 

0.51386+01 

138 

0 52156+01 

140 

0 52916+01 

142 

0.53676+01 

144 

0.544X+01 

146 

0.55196+01 

148 

0 55956+01 

150 

0 56716+01 

152 

0,57476'^1 

154 

0 58246+01 

156 

0 . 59006+01 

158 

0 59766+01 

160 

0 60526+01 

162 

0.61286+01 

164 

0.62046+01 

165 

0.62806+01 


0.63566+01 

170 

0 64:ix+0i 

172 

0 65096+01 

174 

0 65856+01 

176 

0.66616+01 

178 

0 67376+01 

190 

0 681X+01 

182 

0 68896+01 

184 

0 69656+01 

^ a 

0 70416+01 

188 

0 71186+01 

190 

0.71946+01 

192 

0 72706+01 

194 

0 73466+01 

196 

0.74226+01 

190 

0 74966+01 

300 

0 75746+01 


.968 


TOTAL 


PRE5SUR6 

AL'4-6 

(PSD 

(DEGREES) 

0 18516+06 

81 70 

0.18406+02 

81.70 

0.IS4X+02 

81.70 

0 18S0E+02 

81.70 

0 18476+02 

81 70 

0.18466+02 

81.70 

0.184X+02 

81 70 

0.18346+02 

81 70 

0.18456+02 

81.70 

0.18566+02 

81.70 

0.18566+02 

81.70 

0.18566+02 

81.70 

0.18526+02 

81 .70 

0.18526+02 

81.70 

0.18556+02 

81.70 

0.18716+02 

81.70 

0.18916+02 

81 70 

0 . 19016+02 

81.70 

0.18846+02 

81,70 

0 1887E+02 

81.70 

0.18726+02 

81.70 

0.18626+02 

81 70 

0.18826+02 

81,70 

0 . 188X+02 

81.70 

0 . 18846+02 

81.70 

0 . 19076+02 

81 70 

0.131X+02 

81,70 

0 19206+02 

81 70 

0.19166+02 

Si. 70 

0.19266+02 

81 70 

0,19406+02 

81 .70 

0.194X+02 

81.70 

0 19546+02 

81 .70 

0.19456+02 

81 .70 

0 . 194X+02 

81 ,70 

0.19406+02 

81 70 

0.19396+02 

81 70 

0 19296+02 

81 ,70 

0. 19346+02 

81 70 

0.19266+02 

81.70 

0 , 19076+02 

81 70 

0,19026+02 

81 .70 

0.19096+02 

81 70 

0.19066+02 

81 70 

0.18976+02 

81 70 

0.19076+02 

81 70 

0.19046+02 

81 70 

0 19086+02 

81.70 

0.19116+02 

81.70 

0.19186+02 

81 70 

0.19216+02 

31.70 

0 19226+02 

81 .70 

0.19216+02 

81 70 

0.19266+02 

81.70 

0 . 19226+02 

81,70 

0.19296+02 

81,70 

0.19386+02 

81 .70 

0.19266+02 

81.70 

0.19296+02 

81.70 

0.19186+02 

81 70 

0.19266+02 

81.70 

0.19226+02 

81,70 

0.19256+02 

81.70 

0.191X+02 

81 70 

0.192X+02 

81.70 

0.19166 -*02 

81 70 

0.193X+02 

31 70 

0 19316+02 

81 70 

0 . 19246+02 

81 70 

0.19156+02 

81 

0.19206+02 

81 70 

0.192X+02 

81 70 

• ,19246+02 

81 70 

0.19156+02 

31 70 

0.191X+02 

81 70 

0.19176+02 

81 70 

0.19446+02 

31.70 

0.19346+02 

81.70 

0,19276+02 

81.70 

0. 19196+02 

81 70 

0 19166+02 

81.70 

0 . 19376+02 

81.70 

0.19166-^ 

SI 70 

0.19106+02 

81.70 

0.191X+02 

81.70 

0 19056+02 

81 70 

0.191X-02 

81 70 

0.18996+02 

81 70 

0.19176+02 

81 70 

0 19216+02 

81 70 

0 19426+02 

81.70 

0 19296+02 

81 70 

0 19276+02 

81 70 

0 194X+02 

81 70 

0 19556-^ 

81 70 

0 19586+02 

81 70 

• 196X+02 

81 70 

• 19626+02 

81 70 

• 19806+02 

81 70 

0.19806+02 

81.70 
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OF F v.,.- 


Table D-4 


Cross Spectral Analysis 
Strain Gage for Phasing 


of Prp Yaw Probe and Reference 


IMCX 


5 

6 

7 

8 
9 

10 

11 

la 

13 

14 

15 

16 

17 

18 
19 

ae 

ai 

aa 

aa 

34 

as 

36 

a? 

as 

39 

30 

31 

32 

33 

34 

35 

36 

37 


40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 


f^'VERAGE SPEED - 11680 

CIROJTFEfiENTIAL UX»TI0N - 
CHftrtd. A • S^G t 82 7 


FREQUENCV 
HZ 
0.00 
1.5a 
3.04 
4.S6 
6.08 
7.60 
9. la 
10.65 
ia.i7 
13.69 
15,21 
16.73 
18.25 
19,77 

ai.ag 

aa.si 

24.33 
as. 85 
27 37 
28.90 
30.42 
31.94 
33.46 
34.96 
36.50 

38. aa 

39.54 

41.06 

42.58 

44,10 

45.62 

47.15 

48.67 

50.19 

51.71 

53.23 

54.75 

56.27 

57,79 

59.31 

60.33 

ба. 35 
63 87 
65.40 

бб. 92 
68.44 
69.96 
71 ,48 
73 00 
74.52 
76,04 
77.56 
79.08 
80 60 
82.12 
83.65 
85.17 
86.69 
89.2: 




91.25 

92.77 

94.29 

95.81 


CROSS-SPECTRUM 
MAGMITUDE 
0.4154E400 
0.2322E400 
0.2199E^ 
0.97756+00 
0.e810E+00 
0.4277E+00 
0.696SE+00 
0.50106+00 
0.35436+00 
0 53656+00 
0. 18336+00 
0.73316-01 
0.9653E-H00 
0.21996+00 
0.32996+00 
0.48886-01 
0.97756-01 
0.70876+00 
0.14666+00 
0. 19556+00 
0.62326+00 
0.53766+00 
0.72096+00 
0.36666-01 
0.35436+00 
0. 19556+00 
0.73316-01 
0.48886-01 
0.14666+00 
0.46436+00 
0.34216+00 
0.28106+00 
0. 1100E+00 
0.19556+00 
0.86756+00 
0.72096+00 
0.48886-01 
0.70876+00 
0.14666+00 
0.95316+00 
0.34216+00 
0 54996+00 
0.6720E+00 
0 12346+01 
0.17116+00 
0. 35316+01 
0.2444E+00 
0.3751E+01 
0.2468E+01 
e. 16036+02 
0.1136E+01 
A 

0.371S6+01 
0.59516+01 
0 3666E+00 
0.10516+01 
0.34216+60 
0.78206+00 
0. 97756+00 
0.34216+00 
0.10396+01 
0.11976+01 
0 48886+00 
0 91646+00 


PHASE W4GLE 
DEGREES 
-180.00 
-8.44 
98.44 
91 .41 
-172.97 
-61.87 
12.66 
-59.06 
92.81 
-154 . 69 
0.00 
-123.75 
-75.94 
8.44 
106.87 
56.25 
-157 50 
-8.44 
-39.37 
-165.94 
-56.25 
-19.69 
18.28 
-112,50 
91 41 
160,31 
-168.75 
-45.00 
-101.25 
63.28 
52.03 
-54.84 
-168.75 
-112,50 
153.28 
-94,22 
11 25 
19.69 
-112.50 
71.72 
5,63 
-90.00 
-101.25 
-43,59 
-19.69 
-21.09 
22.50 
-5.63 
-122.34 
-49. 22 
-19.69 
-7Q r? 

11 .25 
-43,59 

73.12 
-8.44 

-39 37 
-5.63 
-19.69 
123.75 

28.13 
-25.31 
-29.53 
-40.78 


MACH NJMBER - 0,500 

radial position • 9 9B8 

chantcl B • 


A AOTO-CH B 


0. 1856E+00 

0.3322E+00 

0.8109E+00 

0.6937E+00 

0.703SE+00 

0.4201E+00 

0.63S1E+00 

0.4006E:+00 

0 . 576561+0^ 

0.8989E+00 

0, 1S24E+01 

0.23456+00 

0.9477E+00 

0 10366+01 

0.S178E+00 

0.97706-01 

0.10756+00 

0.83056+00 

0.26386+00 

0.33226+00 

0.79146+00 

0.65466+00 

0.53746+00 

0.22476+00 

0.48856+00 

0.3127E400 

0 3908E-+00 

0 55696+00 

0.32246+00 

0.41046+00 

0 28336+00 

0.40066+00 

0.67426+00 

0.36156+00 

0.40066+00 

0.97706+00 

0.68396-01 

0.79146+00 

0.48856+00 

0 60586+00 

0.93806+00 

0.61556+00 

0.76216+00 

0.13786+01 

0.42016+00 

0. 13096+01 

0. 47876+00 

0.22476+01 

0. 27856+01 

0.42316+01 

0 21986+01 

0.9663F+01 

0 26876+01 

0.19446+01 

0.56676+00 

0. 18276+01 

0.65466+00 

0.71326+00 

0.80126+00 

0. 74256+00 

0 . 84036+00 

0.64486+00 

0 , 49836+00 

0.66446+00 


0.74256+00 
0.28336+00 
0.15716+01 
0 40796+00 
0. 10316+01 
0.11726+01 
0.13466+01 
0.63516+00 
0.68886+00 
0.13686+00 
0.23946+00 
0.10606+01 
0.219SE+00 
0. 64246 +00 
0 54966+00 
0.80126+00 
0.86226+00 
0.55696+00 
0.54476+00 
0.81836+00 
0.85986+00 
0.14486+01 
0.12956+00 
0.7987E+00 
0 6302E+00 
0.17346+00 
0.97706-01 
0.39576+00 
0 11556+01 
0.13366+01 
0 . 74506+00 
0.16126+00 
0.50816+00 
0. 22476+0 1 
0.77676+00 
0.68156+00 
0.96976+00 
0.29076+00 
0.16886+01 
0.41526+00 
0. 10266+01 
0.97956+00 
0.92096+00 
0 42506+00 
0.29616+01 
0 55206+00 
0.17426+01 
0.10116+01 
0.43146+01 
0.55206+00 
0JS7?a6+01 
0.15496+01 
0.31736+01 
0.69616+00 
0.64246+00 
0.53006+00 
0.11S06+01 
0 13656+01 
0.51296+00 
0.14266+01 
0.20406+01 
0. I0iyt+0l 
0.14926+01 


CO^ERENCE 

1.000 

0.886 

0.916 

0.805 

0.959 

0 97S 
0,875 
0,863 
0,937 
0.297 
0,773 

1 000 
0 923 
0.933 
0,984 

0 829 

1 000 
0.980 
0.996 
1 000 

0 926 
0.912 
0.8S8 
1.000 
0.825 
0.985 

1 000 
0.807 
1.000 
0 959 

0 817 
0.887 

1 000 
1 .000 
0.929 
0.902 
1.000 
0.8S3 
1 .000 
0.869 
0.772 
0.7G8 
0.811 
0.946 
0 918 
C.336 
0.855 
0.919 
0 768 
0.772 
0.877 
0-920 
0.797 
0.930 
0 863 
0.802 
0 972 
0.864 
0.798 
0,807 
0 751 

0 sag 

0.927 

0.854 
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OK-Cili';/';.!, 
OF FOUR 


Table D-5. 


SPEED • 11680 


X Array Probe Ensemble Average for 200 Points. 


UX>^TI0N 

0.0000E+0O 
03886E-01 
0.77?X*-01 
0 1166E+00 
0 155SE>00 
0 19^3E+00 
0 233SE+00 
0 CT721E+00 
0 3109E400 
0 3498E+00 
0 3886E+00 
0 ■^aTSE*^© 
9.4G64EH99 
0 50Sae*00 
0 5441E+00 
0.5830E+00 
0-6218E+00 
0 6607E:+00 
0.6996E400 
0 . 738404^ 
0. 7773E400 
0.8162E400 
0. 85508400 
0.89398400 
0.93888400 
0.97168400 
0. 10108401 
0 10498401 
0. 10888401 
0 11378401 
0 11668401 
0 13058401 
0 13448401 
0 13838401 
0 13318401 
0 13608401 
0 13998401 
0 14388401 
0 14778401 
0 15168401 
0 15558401 
0 15938401 
0 16338401 
0 16718401 

►17108401 
17498401 
17888401 
18378401 
18668401 
19048401 
19438401 
19838401 
'.30318401 
'■ 30608 401 
0 . 30998401 
31 388401 
e. 31768401 
33158401 
0 33548401 
e 33938401 
O.2333E401 
0 33718401 
0 34108401 
0.34488401 
0 34878401 
0 35368401 
0 35658401 
0.36048401 
0 36438401 
0 36838401 
0 372 IE 401 
0 3759 8401 
0 37988401 
0 38378401 
0.38768401 
0 39158+01 

0 35^48+01 

0 39938+01 
0 303 18+0 i 
0.30708+01 
0 31098+01 
0 31488+0! 

318784.(^1 

0 33568+01 
0 33658 f0 1 
0.33048+01 
0 33428+01 
0 33818*01 
0 345(^401 
0 34698+01 
0 34988*01 
0.35378*01 


0XI6L 

N^OCITY 


0 . 

9 

9. 

0 

0 . 

0, 

0 . 

0 . 

0 , 

0. 

0, 


9 33728+03 
9.33708+93 
9 33438+93 
9.33828+93 
9.33328+03 
9.32048+03 
9.31898+03 
9.31828+03 
9 31768-403 
0 31618+03 
0 31478+03 
0.31438+03 
0 31488+03 
9.31598+03 
0 31838+03 
0.31978+03 
0 31938+03 
0.31848*03 
0.31908+03 
0.31688+03 
0.31478+03 
0.30688+03 
0.29858*03 
0.29338+03 
0.29568+03 
0.29488+03 
0.29278+03 
0 29188+03 
e. 29368+03 
0.29508+03 
0.29468+03 
0 29278*03 
0 29178+03 
0 29138+03 
0 28918+03 
0 28938+03 
0 29008+03 
0 29088+03 
0 29088+03 
0 29538+03 
9 295<^+03 
0 29508*03 
9 30158+93 
9 30918*93 
9 31458+93 
9 31738+03 
9 31958+93 
9 32008*03 
0 32138+03 
9 32258*03 
9.32458*03 
9 32628*03 
9 32798+03 
0 32918+03 

0 32948403 
0.33018403 
0 3.3958403 
0 33988403 
0 33018403 
0 . 32748403 
0 32518403 
0 . 32378+03 
0 32158+03 
0 32018+03 
0 31328403 
0.31778+03 
0 31688+03 
0.31648+03 
0 31558+03 
0 31368+03 
0 3121E+03 
0 31128+03 
0 31068+03 
0 31048+03 
0 31008+03 
0 31958+03 
0 30988+03 
0 30728+03 
0 30628+03 
0 29828*03 
0 29448*03 
0 23088*93 
0 28^68*03 
0 28638*03 
0 28Sc38*03 
0 28588*03 
0 28hVT*03 
0 28678*03 
0 285 T8 403 
0 28 . If, f. *03 
0 28448*03 
0 28418*03 


AXIPL 
MASS 
FLOU 

9.2442e+0g 
9.24408+02 
9 24208+02 
9.23768492 
9.23408402 
9.23208*06 

9.23098+02 

0.23048+02 
9.23008+02 
022888+02 
0. 2279 840a 
0. 22758+02 
022798+02 
0.22878+03 
0 . 23048+02 
0.23158+02 
0.23128+02 
0.23958402 
0.23108+02 
0.22938+02 
0.22788+02 
0.22218*02 
0.21598+02 
0 21238+02 
0.21408+02 
0.21348+02 
0 21198*02 
0 2 UX +02 
0.2 i 26 E +02 
9.21368*02 
9.21338+02 
0.21198+02 
0 21128+02 
0.21098+02 
0 20938+03 
0.20958*03 
0.31008*02 
9 21068*02 
9 21058+03 
9 21168+03 
9 21208*03 
9 21368+03 
9 21838+02 
9.22388+02 
9. 32778 +02 
9.22978+02 
9.33168+03 
9 .33178*03 
9 53368*02 
9.33358*02 
9 . 33498*02 
9.53618*02 

9 53748+02 
0.33838*02 
9.33858*02 
9 53908*02 
9.23938+02 
9.23958+02 
0.23908+02 
0.23708*02 
0 23548+02 
0,23448+02 
0.23288+02 
9 23188+02 

9.23118+05 
9 23008+03 
9.23948+05 
9 23998405 
0.23848*05 
9. 23708 405 
9.25608+05 
0 22538403 
9 22488+05 
9 22478+02 
0 22448*05 

9 22488+03 
9 32438+05 
9 32548+03 
9. 321 78 *03 
9 31598+03 
9 S 131 E 403 
0 21068*05 
9 20828+03 
9 5,0738+03 
9 20658+03 
9 20698+03 
9 50768+03 
9.50768+03 
0 5066 C +03 
9.50608*02 

9 30698*03 

9 50578 403 


64 


T«^G£NTI«„ 

VELOCITV 


r^JIBER . 0,300 

®«ITV - 0,073400 


0 57718+02 
9.59708+03 
9.57168+03 
0.S0188+03 
0 . 42348+05 
9.36538403 
9.3-4338+03 
0.35308+03 
0.34838+03 
9.32408+03 
0.59808+03 
0- 27438+03 
9 27708+03 
9-29238+03 
9-28S5E+02 
9.26288+03 
0.22958+03 
0.19388+03 
0.17258+03 
9. 15378+03 
9 12758+03 
0.79088+01 
0.34148+01 
0 29448+01 
C 30518+01 
9.29898+01 
0.11788+01 
-9. 15878+01 
-9.46898*01 
-9.65318+01 
-9.49618+01 
-9 20428+01 
-9 39698+00 
-9 32948+00 
-0 22578+01 
-9 42398+01 
-9 38478+01 
-9,33168+01 
-9 22838+01 
-9 26358+01 
-9,24358+01 
-9.33738+00 
9. 45578+01 
9 10348+02 
9 14058+03 
9. 14798+03 
9 14988+03 
9 15908*03 
9. 18548*02 
9 22068*02 
9 24258+03 
0 25538*03 
9.27978+03 
9.31418+03 
9 34318403 
9 36708+03 
0 . 37278+03 
0 35458403 
9.33888+03 
0 32798403 
0.31658+03 
0 30718403 
9.28978+03 
0 27348+03 
0 26788+03 
9.27658+03 
0 28778+03 
0 28428+03 
9.36778+03 
9.24578+03 
9.33478+03 
9 22658+03 
0.30738+03 
9.18958+03 
9 17038+03 
9 15618+03 
0. 14938+03 
9 13228+03 
9 11048+03 
9 77338*01 
0 45228+01 
0 . 53W*ei 
9 44718+00 
-9 1,3278+01 
-0 22998*01 
-9 33158*01 
-9 36548*01 
-9 34948+01 
-9 36008*01 
-9 33368*01 
-9 35718+01 
-9 46058+01 


tangektipc 

MASS 
FLOU 

9.417B8+01 
9. 43538 401 
9.41388+01 
9.36338+01 
9.30588+01 
9.26448+01 
9.54858+01 
9. 25498 *0i 
9.55218+01 
9.53468+01 
9.51588+01 
9. 19868+01 
9 20068+01 
9,21168+01 
9,20678+01 
9. 19038+01 
9. 16658+01 
9. 14038+01 
9,18498401 
9. 11138+01 
9.92288+00 
9,57568+00 
9.34728*^ 
9.14908+00 
9.35058+00 
9.21648*00 
9,85568-01 
-9 1 1498*00 

-9,33958+00 
-9,47518+00 
-9 35338+00 
-0 14788+00 
-9.28738-01 
-9 23858-01 
-9 , 16348+00 
-9 90628*00 
-9.57858+00 
-9.16778+00 
-9,16538+00 
-9 19088+00 
-9 17568+00 
-9,54438-^ 
9.33008+00’ 
9.74868+00 
9. 101SE+01 
9, 10718*01 
9. 108SE+01 
9 11558*01 
9. 13458401 
9. 1S97E+01 
9, 17558+01 
9. 18488401 
9.203S8+0i 
9.25748+01 
9.24848+01 
9.26578+01 
9.26998+01 
9,25678+01 
9.24538+01 
9.23748*01 
9.25918+01 
9.25238+01 
9 20988+01 
9. 19798+01 
9. 19398+01 
9.20038+01 
9,20838+01 
9 20588+01 
9.19388+01 
9. l7798+«bl 
9, 16998+01 
9. 16408+01 
9 15018+0! 

9. 13728+01 
9 12328+01 
9. 11308401 
0 19«tE40l 
9.^718+00 
9.799t-?E*0O 
9.559<C400 
0.32748400 
0. 17378 +00 
0 3237^-01 
-9 9611E'01 

-9 1665E4P© 

-9 24008+00 
-9 26468*00 
-9 25308*00 
-0.2F06C400 
-9.24158+00 
-9 25358 400 
-9 33348+00 


ABSourrE 

VELOCITV 


9.34218*03 
0.34238+03 
9.33918+03 
9,33208+03 
0.32608+03 
9.32258+03 
0.32078+03 
9.32018+03 
0.31958+03 
9 31778+03 
0.31628+03 
0.31558+03 
9 31608+03 
0 31758+03 
0 31958+03 
9.320S8+03 
0 32018+03 
0 31908+03 
9 31958+03 
9 31718+03 
9.31508+03 
9.39698+03 
9 39638+03 
9.39338+03 
9.39568+03 
9 . 39488+03 
9. 39378+03 
9.39188+03 
9 . 39368+03 
9.39518+03 
9.39478+03 
0,29278+03 
9.29178+03 
9.59138+03 
9 28918+03 
9.58938+03 
9.29008+03 
9.29088+03 
0.39088+03 
9 39538403 
0 39598403 
9.39508403 
9.30158403 
0 39938*03 
9 31488+03 
9 31768+03 
9.35028+03 
0.35948+03 
0.35188+03 
9.33338+03 
9.32548*03 
9.3572E*03 
9 32918*03 

0 33068*03 
9 33128*03 
9.33218+03 
9 33268403 
9 33278*03 
9 33198*03 
9.32998403 
9.33678*03 
9 32518*03 
9.32288403 
9.32138*03 
9.32038*03 
9.31898+03 
9.31818+03 
9.31768+03 
0 31668+03 
9.31468+03 
9 31308+03 
9, 31208' 33 
9 31138+03 
9.31108+03 
9 31058+03 
0 31088+03 
9 31058+03 
9 30758*03 
9 30638*03 
9 29838*03 
0 29448+03 
9. 29098 +03 
9 28768+03 
9 286X+03 
9. 28558 +03 
9.28588*03 
9 28678+03 
9 28688*03 
0 58548*03 
0 59458+03 
9 58448*03 
9 58428+03 


A0SCU/TE 
MASS 
FLOU 

9.24778403 

0.54788*03 
0.54S5C+02 
9 . 24048+03 
0.23608*02 
9 23358*03 
9 23328*03 
9.23188*03 
9 23148+0S 
0 23908*03 
9.22^98403 
0 . 22848*03 
0 25888*03 
0.22978*03 
9.23138403 
9.23238*03 
0.23188*03 
9.23098+03 
0.23138+03 
9.22968+03 
9.22808+03 
9,52228*03 
9.51598+03 
9.21338+03 
9.31408+03 
9,51348+03 
9,31198+03 
9.21138+03 
9,31268+03 
9.21368+03 
9,31348+03 
9.31198+03 
9 21138+00 
9.21998+03 
9 20936+03 
9 20958*03 
9 21008*03 
9 21068*03 
9 31068403 
0.31168*03 
9 31308*05 
0 21368*03 
9.31838*03 
9.32398*03 
0.22798*03 
9 23008*03 
9 23188*03 
9 23508*03 
9.23308*03 
9.33418*05 
9 23568*03 
9.23698*03 
9.23838*02 
9 23938*02 
9.23P8E402 
9 24048*03 
9 . 24088+02 
9 24098+02 
9.24038+03 
9.23828+03 
9 23658+02 
9.23548+03 
9.23376+03 
9.33268+03 
9.23198+03 
9.23098+03 
9.330X+03 
9.23008+03 
9.22938*03 
9 23778*03 
9.22668+03 
9 25598+03 
0 53538+03 
9,23556403 
9 22488*05 
9.23518*03 
9.22468*05 
9.22268*05 
0 22198*03 
9 21608403 
9 21318*05 
9.21068402 
9 20828*05 
9 297X*05 
9.50658+03 
9-20698+03 
9.50768*03 
0 50768*03 

9 50668*03 
9 50608*03 
9-20598*03 
9 50578*03 


FLOU 

direction 

(AXIPL-R8F) 
9 97118*01 
0.10058+03 
0.97038*01 
9.36928*01 
0 74448*01 
9 65026*01 
9.61448*01 
9.63138+01 
9 63578*01 
9.58538+01 
9 54098+01 
9.49888+01 
0 50598+01 
9 52878+01 
9.51268+01 
0 469S6+01 
0.41138+01 
0 34848+01 
9 39958+01 
9 27788+01 
9 23198+01 
9. 14778+01 
9 65598+00 
0.39938*00 
0.59138+00 
9 58108+00 
9 OJ05E+00 
-O 31168+00 
-9 91518+00 
-9. 12668+01 
“9 96468+00 
-9 39986+00 
-9.77968-01 
“9.64786-01 
-9 44748+00 
-9.83768+00 
-9.76008+00 
-9 45638+00 
-9. 44978+00 
-9.51666+00 
-9 47448+00 
-9.65518-01 
0 86606+00 
9 19168+01 
9.2S5X+01 
9.26698+01 
9.26828+01 
9 28458+01 
9.330X+01 
0.391X+01 
9-43738+01 
9.44758+01 
9.48758+01 
9.54528+01 
9 59478+01 
9 63458+01 
9 64348+01 
9 61188+01 
0.58608+01 
9. 57198+01 
0 55606+01 
9.54196+01 
9.51498+01 
9 48818+01 
0.47966+01 
9. 4^738+01 
9 51898+01 
9 513X+01 
9 48498+01 
9.44798+01 
9 43008+01 
9 41648*01 
0 38196+01 
9.34948+01 
9.3MX+01 
9 28788+01 
9 27598+01 
9 24648+01 
9 20658+01 
9 14858+01 
9 S8018+00 
9 47268+00 
9.89078-01 
-9 26578+00 
-9 46198+00 
-0.66478*00 
-9 73038*00 
-9 6981E+«W 
-9 72568 *W 
-9 671 P8 +00 
-9 719J8+00 
-9 96858+00 


0 
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Table D-5 . X--Array Probe 

IHZT HOT UIIJE PROBE 


Ensemble Average for 200 Points (Concluded) 

RPDIPL POSITION • 10.168 


LOCATION 


O,3S76E-*-0l 
0 36l4e+0l 
3. 36536*01 
0 36926*01 
0 .i?3ie*oi 
0.3770C+01 
0.38096*01 
0.38486*01 
0 38866*01 
0.39256*01 
0 39646*01 
0.40036+01 
0 40426*01 
0 40816*01 
0 41206*01 
0,41596*01 
0,41976+01 
0,42366*01 
0.42756*01 
0.43146*01 
0,43536+01 
0.43926*01 
0, 44316+01 
0,44696+01 
0.45086+01 
0 45476+01 
0 45866+01 
0, 46256+01 
0. 46646*01 
0.47036+01 
0. 47426+01 
0, 47806+01 
0.48196+01 
0.48586*01 
0, 48976*01 
0. 49366*01 
0. 49756*01 
0 50146*01 
0,50526*01 
0.50916*01 
0.51306+01 
0.51696*01 
0.52086*01 
0.52476*01 
0.52866+01 
0.53246+01 
0.53636*01 
0,54026+01 
0,54416*01 
0.54806*01 
0.55196*01 
0 55S8E+01 
0 55976+01 
0 56366*01 
0 56746*01 
0.57136+01 
0.57526*01 
0.57916*01 
0.58306*01 
0,58696+01 
0.59076*01 
0.59466+01 
0.59856*01 
0.60246+01 
0.60636+01 
0 61026+01 
0 61416*01 
0.61806+01 
0 62186*01 
0.62576*01 
0.52966+01 
0 63356*01 
0.63746*01 
0 64136*01 
0 64526*01 
0 64906*01 
0.65296*01 
O 65686*01 
0 66076*01 
0 66466*01 
0.66856*01 
0,67246*01 
0.67626*01 
0 68016*01 
0 68406*01 
0,68796*01 
0 69186+01 
0,695; 6 *01 
0 69966+01 
0.70356*01 
0,70736*01 
0 71126*01 
0 71516*01 
0 71906*01 
O 72296*01 
0 72686*01 
0 730";^ *01 
0 73456*01 
0,73846*01 
0 74236*01 
0 74626*01 
0 75016*01 
0.75406*01 
0 75796*01 
0.76186*01 
0.76S6F+01 
0 76956*01 
0.77346+01 


VELOCITY 

0 28406*03 
0 28416*03 
0 28296*03 
0.28206*03 
0.28186*03 
0 28226*03 
0.28216*03 
0 28206+03 
0.28256*03 
0.28356*03 
0.28486+03 
0.28506+03 
0 28556+03 
0 28926*03 
0.29006*03 
0,29106*03 
0,30216*03 
0.30706*03 
0.31226+03 
0.31ME+03 
0,31896+03 
0,32006*03 
0 32346*03 
0 32506*03 
0 , 32556*03 
0 32616*03 
0 . 32696*03 
0,32726*03 
0.32776*03 
0,32826*01 
0 32766*03 
0 . 32526*03 
0 32246*03 
0 , 32066+03 
0.31946+03 
0.31876*03 
0.31816+03 
0.31716*03 
0.31556*03 
0.31466*03 
0 31386*03 
0.31276*03 
0.31286+03 
0.31266+03 
0.31266*03 
0 31326*03 
0 31306*03 
0 31306+03 
0.31376*03 
0 31426*03 
0.31416*03 
0.31486*03 
0,31376*03 
0.31076*03 
0.30716*03 
0.30416*03 
0 30326+03 
0 30286*03 
0 30326*03 
0 . 303X+03 
0.30306*03 
0,30176*03 
0 29816*03 
0 29576*03 
0 . 29456*03 
0.29176*03 
0 29176+03 
0 29256*03 
0.29116*03 
0,29026*03 
0,29066+03 
0 29446*03 
0.29666+03 
0 30006*03 
0.30276*03 
0,30466*03 
0.30736*03 
0 30906*03 
0 31066+03 
0 31406*03 
0 31566*03 
0 31756*03 
0.31956*03 
0.32106*03 
0.32246+03 
0 32426*03 
0 32606*03 
0 , 32696+03 
0 32776*03 
0 32846*03 
0 32866*03 
0 32766*03 
0 326^j6*03 
0 32586*03 
0 32456*03 
0 32416+03 
0 32386*03 
0 32356*03 
0 32306*03 
0 32216*03 
0 32116*03 
0 31876*03 
0 31646*03 
0 31366*03 
0 31276*03 
0 31166*03 
0.31046*03 
0 31066*03 


TPHG6NTIPL 

rWS5 VELOCITY 

FLOU 

0.20566+02 -0.49576*01 

0.20576*02 -0 46666+01 

0,20486+02 -0,54386^-01 

0 20426+02 -0.61756*01 

0 20406*02 • 0 61776*01 

0 20436*02 -0.616'^ *01 

0.20436*02 -0.556 1 

0.20426+02 -0,40186*01 

0,20466*02 -0.29106+01 

0.20536*02 -0 

0.20626*02 -0,14336*01 

020646*02 -0.10916*01 


0.20676*02 
0 20946*02 
0.21006*02 
0.21076*02 
0.21876*02 
0.22226*02 
0.22616*02 
0.22886*02 
0,23096*02 
0.23176*02 
0,23436*02 
0,23536*02 
0.23576*02 
0.23616*02 
0 23676*02 
0,23696*02 
0,23726*02 
0.23766*02 
0.23726+02 
0,23556+02 
0.23346+02 
0 23216+02 
0.23 136 +02 
0.23076+02 
0.23036+02 
0.22966+02 
0.22846+02 
0.22786+02 
0.22726+02 
0.22646+02 
0.22656+02 
0.22636+02 
0.22636+02 
0.22676+02 
0.22666+02 
0.22666*02 
0 22716*02 
0 22756*02 
0.22746+02 
0.:>27g6+02 
0.22716+02 
0.22506+02 
0.22246*02 
0.22026+02 
0.21956+02 
0.21936+02 
0.21956*02 
0.21966*02 
0,21946*02 
0.21846*02 
0.21586*02 
0.bl41E+02 
0.21326+02 
0.21126+02 
0,21126+02 
0.21186*02 
0.21086+02 
0,21016+02 
0.21046*02 
0.21316*02 
0.21476+02 
0.21726*02 
0.21926+02 
0. 22056*02 
0.22256*02 
0 22376*02 
0.22496*02 
0.22736*02 
0.22856*02 
0,22996*02 
0,23136*02 
0 23246*02 
0.2^346*02 
0.23476+02 
0.236*^*02 
0,23676*02 
0 23726*02 
0,23776*02 
0.23796 **’2 
0 23726*02 
0 23F4E*02 
0.23596*02 
0,23506*02 
0 33476*02 
0 23446*02 
0 23426*02 
O 23386*02 
0.23326*02 
0,23256 *08 
0,23076*08 
0.88916+02 
0.28706+08 
0 28646+08 
0 28566+08 
0.22^'T+Oe 
0.22486*08 


0.31116*00 
0.25576*01 
0.35916*01 
0.45006*01 
0.78866*01 
0,10686*02 
0.13376+02 
0.17206+02 
0.20136+02 
0.22186+02 
0,25076+02 
0.28106+02 
0,30636*02 
0.33286*02 
0.35006+02 
0.35806+02 
0.37326*02 
0,37816+02 
0,38046+02 
0.36776+02 
0.:33'73E+02 
0,32516+02 
VO. 32486+02 
0. 33216+02 
0.33956+02 
0.33906+02 
0.33836+02 
0.33966+02 
0.33596+02 
0.33326*02 
0.33206+02 
0.32936+02 
0.32206+02 
0,31476+02 
0,30626*02 
0,28996+08 
0,27176+02 
0,24716*02 
0.28636*08 
0,20506*02 
9. 17996*02 
0, 16216*02 
0,14236*02 
0. 11846*02 
0,10336+02 
0.98786*01 
0 . 98556*01 
0,91726+01 
0.79236*01 
0.73556*01 
0.70376+01 
0.57896*01 
0 51436+01 
yi . 38666*01 
0.29m6T*O1 
0,3l^.w 01 
0.35086+01 
0.34-406+01 
0.37156+01 
0.45826+01 
0.58996+01 
0.83386+01 
0 . 10806+02 
0.12236+02 
0.12716+02 
0,13466+02 
0 14246+02 
0.15696+02 
0.18076+02 
0.20536+02 
0 . 23306+02 
0.26226+02 
0,29196+02 
0.3236L+O2 
0.34776+02 
0.36356*02 
0 . 38766+02 
0.39976+02 
0 40706*02 
0.40766+02 
0,39696*02 
0.38756*02 
0 38396*02 
0.39206+02 
0,40506*02 
0 40266*02 
0 39726*02 
0 38886*02 
0 T7406*Oe 
0.35486*02 
0 33036+00 
0.30586+08 
0 29066+08 
0 87726+08 
0,27506*03 
0 37316*08 


TANGENTIAL 

FLOU 

-O 35896*00 
-0.33796*00 
-O 39376+00 
-0 44716+00 
-0.44726 +00 
-0.44586+00 
-0,40306*00 
-0.29096*00 
-0.21076+00 
-0.16356+00 
-0.10386*00 
-0.78986-01 
O 22536-01 
0,18526*00 
0,26006*00 
0 32586*00 
0.57096*00 
0.773ie*00 
0 96806*00 
0,12456*01 
0.14586*01 
0 16066*01 
0.18156*01 
0.20356+01 
0.22186*01 
0,24106*01 
0.25346+01 
0,25926+01 
0.27026+01 
0.27386+01 
0.27546+01 
0,26626+01 
0.24426+01 
0.23536+01 
0 23526+01 
0 24056+01 
0 24586+01 
0 24546*01 
0.24496+01 
0.21586+01 
0.24326+01 
0.24126*01 
0.24046+01 
0.23846+01 
0.23316+01 
0.22796+01 
0 22106+01 
0 20996+01 
0.19676+01 
0. 17896+01 
0,16386+01 
0.14846+01 
0.13026+01 
0.117X+01 
0.10306*01 
0.85706+00 
0.74796+00 
0. 71516+00 
0 71356+00 
0 66416+00 
0.57366+00 
0.56876+00 
0.50956*00 
0.41916*00 
0.37236+00 
0.27996+00 
0.21336*00 
0.22806*00 
0.25406*00 
0.24976+00 
0.26906+00 
0, 33176+00 
0, 42716*00 
0.60366+00 
0. 78186+00 
0. 88576+00 
0.91596*00 
0 97466+00 
0, 10316+01 
0. 11306+01 
0 , 13086*01 
0. 14866+01 
0. 16876*01 
0 . 18996+01 
0.21136+01 
0.23436*01 
0.25186*01 
0 . 26686*01 
0.28066*01 
0.28946*01 
0.29476*01 
0.29516*01 
0.28746*01 
0. 28066+01 
0.27796*01 
0.28386*01 
0.29326*01 
0.29146*01 
0 28766*01 
0 2815T+01 
0.27086*01 
0.25696*01 
0.23916*01 
0.28146*01 
0.21046*01 
0.20076*01 
0 19916*01 
0 19776*01 


ABSOLUTE 

VELOCITY 

0.2841E+03 

0 28416*03 

0 28306+03 

0.2B21E +03 

0,28l9r,+03 

0 282 >. »03 

e.7.B2a:+03 

0 ::321E+03 

0.28286*03 

0.28366*03 

0.28486*03 

0.28506*03 

0 , 28556+03 

0.28926+03 

0.29006*03 

0,29116*03 

0,30226+03 

0.30726*03 

0.31256*03 

0.31656*03 

0.31956*03 

0.32086*03 

0.32446*03 

0.32626*03 

0 . 32706*03 

0.32786*03 

0.32886*03 

0,32916*03 

0.32986*03 

0 . 33046*03 

0.32986*03 

0.32736*03 

0.32426*03 

0.32236+03 

0.32UE+O3 

0 . 32046*03 

0.31996*03 

0.31896+03 

0.31736*03 

0.31646*03 

0. 31556*03 

0.31456+C3 

0.31466*03 

0,31446*03 

Z 31436*03 

0,31476*03 

0.31456*03 

0.31446*03 

0.31486+03 

0.31516+03 

0,31496*03 

0.31556*03 

0.31426+03 

0,31116*03 

O 30756*03 

O 30446*03 

0 . 30346+03 

0 , 30306*03 

0,30346-^3 

0.30356+03 

0.30316+03 

0.30186+03 

0 . 29826*03 

0 29586*03 

0.29466+03 

0 29176+03 

0,29186+03 

0,29256+03 

0.29116+03 

0 , 29026+03 

0.29056+03 

0.29446 +03 

0 29666+03 

0.30016+03 

0.30296*03 

0 , 30486*03 

0,30756*03 

0 30926+03 

0.31096*03 

0.31446*03 

0.31616*03 

0.31826*03 

0,32036+03 

0.32206*03 

0 32376+03 

0.32586+03 

0.32796+03 

0.32896+03 

0,33006+03 

0,33086+03 

0.33116+03 

0.33016+03 

0 32896*03 

0 32816+03 

0 32696+03 

0 32656+03 

0,32636+03 

0 32596+03 

0 32546*03 

0 3244F>03 

0 32336+03 

0.32076+03 

0 31816+03 

0 31516*03 

0 31406*03 

0 31286*03 

0 311tiE*03 

0 311 8E +03 


absolute 

rif^ss 

FLOU 

0 20576+02 
0.20576+02 
0 20496+02 
0.20426+05 
0.20416+02 
0.20446*02 
0 20436*02 
0.204J26+02 
0 20406*02 
0 20536*02 
0.20626*02 
0.20646+02 
0.20676*02 
0.20946+02 
0.21006+0? 
0.21076*02 
0.21886*02 
0.22246*02 
0.22636*02 
0,22926*02 
0,23136*02 
0.23236*02 
0.23496*02 
0.2361E+02 
0.23676+02 
0.23736*02 
0.23806*02 
0.23836*02 
0.23886*02 
0.23926*02 
0.23886*02 
0.23706*02 
0.23476*02 
0.23336*02 
0.23256*02 
0.23206*02 
0.23166*02 
0.23096*02 
0.22976*02 
0.22916*02 
0.22856*02 
0.22776*02 
0.22776*02 
0.22766*02 
0.22756*02 
0.22796*02 
0.22776*02 
0. 22766 +oe 
0.22796*02 
0.22826*02 
0.22806*02 
0.22846*02 
0.22756*02 
0.22536+02 
0.22266*02 
0.22046 02 
0.21976+02 
0.21946+02 
0 21966+02 
0.21976+02 
0.21946+02 
0 21856*02 
0.21696+02 
0.21426+02 
0 21336+02 
0.21126+02 
0.21126-02 
0.21186+02 
0.21086+02 
0.21016+02 
0.21046*02 
0 21316+02 
0 21486+02 
0.21736+02 
0 219X+02 
0.22076*02 
0.22376*02 
0.22396*02 
0.22516*02 
0.22756*02 
0.22886*02 
0 23036*02 
0.23196+02 
0 23326*02 

0.23446*02 

0.23596*02 
0.23746*02 
0.23816*02 
0 23896*02 
0.23956*02 
0.23936*02 
0.23906+02 
0.23826*02 

0 23766*02 
0.23676*02 
0.23646+02 
0.23636*02 
0.23606+02 
0.23566*02 
0.23406*02 
0.23416*03 
0. 23226+03 
0.23036*02 
0 22816+03 
0.22746*02 
0 22656*02 
0.225£6*O2 
0.22576*02 


FLOU 

DIP6CTI0N 
(AXiAL-PtF) 
-0,99986+00 
-0.94106+00 
-O llOlL+01 
-0. 12S4E+01 
-0, 125t£+01 
-0. 12506+01 
-0.11306+01 
-0.81626*00 
-0.59016*00 
-0 . 45646*00 
-0.28846*00 
-0.21936*00 
0.62426-01 
0 . 50676+00 
0.70956*00 
0,88576+00 
0,14956*01 
0, 19926*01 
0.24526+01 
0.31146+01 
0,36136+01 
0.39656*01 
0,44316*01 
0 . 494X+01 
0.53766+01 
0,58276+01 
0.61116*01 
0. 62456 *0i 
0 , 64986+01 
0.65726+01 
0,66246*01 
0 64496*01 
0.59726*01 
0.57896*01 
0.58066*01 
0.59506*01 
0,60926*01 
0.61026*01 
0.61206*01 
0,61616+01 
0.61106*01 
0,60816*01 
0 50596+01 
0.60146*01 
0.58816*01 
0,57396*01 
0.55696*01 
0.52916*01 
0.49506*01 
0,44966*01 
0,41206*01 
0.37256*01 
0.32826*01 
0.29886*01 
0.265X+01 
0.22296+01 
0.19516*01 
0.18686*01 
0, 1G61E+01 
0.17326*01 
0,14986+01 
0.14926*01 
0. 13526+01 
0, 11216*01 
0 10006*01 
0, 7^926+00 
0,57866*00 
0.616X+0O 
0.69056*00 
0,68096*00 
0.73256+00 
0.891X+0O 
n 11406*01 
0,15926*01 
0 204X+01 
0,23006+01 
0,23686*01 
0.24956+01 
0 26266*01 
0.28616*01 
0.32786+01 
0,37006+01 
0 417X+01 
0.46716*01 
0 S17X+01 
0,57006+01 
0 60896*01 
0,64326 +01 
0,67456+01 
0 69416*01 
0,70606+01 
0.709X+O1 
0,69306+01 
0.678X+0J 
0.6744F.+O1 
0 68966+01 
0 71286+01 
0.70946*01 
0,70106+01 
0 688XH?1 
0 66446+01 
0.635X+OI 
0.S95X+OI 
0 55696+01 
0 53106+01 
0 50846*01 
0 50646*01 
0.50256*01 
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Table D-6 


Once Per Revolution 


Sampling i^f 


X-Arrav 


Probe. 


SPEtD • 11680 

MjriBER OF rPfiflES IN 7>€ AVERAGE • 188 
NJNBER OF SWLE POINTS • 188 

SAFFLE rate • 320000 HE 

CrPCUFrERENTIAL DISTANCE • 0.1SSSE+00 


MACH rijrtPFp • 0.?eo 

RADIAL POSITION - 10 1S8 

ir<.ET 

DtTfSITV . 0.078400 


Tift 


0 0000E+00 
0 51376-02 
0 1027E-01 
0 1541E-01 
2055E-01 
0.2S68E-01 
0.3082E-01 
0 3S96E-01 
0.4110C-01 
0 4623E-01 
0 51376-01 
0 S6SIE-01 
0 61646-01 
0 66786-01 
0 7 1926 -01 
0.7705E-01 
0,82196-01 
0.87336-01 
0 92476-01 
0.97606-01 
0 10276*00 
0 10796*00 
0 11306*00 
0 llSaE*00 
0, 12336*00 
0 12846*00 
0 133GE*00 
13876*00 
14 386*CX3 
14906*00 
1S41E*00 
15926*00 
16446*00 
16956*00 
17476*00 
17986*00 
0 18496*00 
0 19016*00 
0 19526*00 
0 20036*00 
0 t'V55F*O0 
0 21066*00 
0 21586*00 
0 22096*00 
0 22606*00 
0 2313E+00 
0 23636*00 
0 24146*00 
0 24666*00 
0 25176*00 
0 25686*00 
0.26206*00 
0 26716*00 
0 27236*00 
0 27746*00 
0 28256*00 
0 28776+00 
0 29286*00 
0 29'.'96*00 
0 30316*00 
0 30826**^ 
0 31346*00 
0 31356*00 
0 32366*00 
0 32886*00 
0 '3396*00 
0 33906*00 
0 34426*00 
0 34936*00 
0 35456*00 
0 35^166*00 
0 36476*00 
0 36996*00 
0 37506*00 
0 38016*00 
0 385X*00 
0 39046*00 
0 39556*00 
0 40076*00 
0 40586*00 
0 41106*00 
0 41616*00 
0 42126*00 
0 42646*00 
o 4 )rif *o^> 
0 4 r^*vH» 
0 441PF, nX* 
0 4 4t;T6.vx> 
O ^‘•2iE»vX» 
O 4», Vf 
0 4^.,5T*tX* 


AXIAL 

V6L0CITV 

0 31466*03 
0 32526+03 
0 321 Se *03 
0,32426+03 
0.32196*03 
0.32466*03 
0 32486*03 
0 32726*03 
0 32126*03 
0 32466*03 
0 33046+03 
0 31636*03 
0.31886*03 
0 32416*03 
0 3312E+03 
0 31496*03 
0. 32356*03 
0.32226*03 
0 32446*03 
0 33736*03 
0,31026*03 
0 33206*03 
0 31266*03 
0 32566*03 
0 33126*03 
0 325"6*03 
0 33386*03 
0 31P86+03 
0 32446*03 
0 32546*03 
0 31986++33 
0 32416*03 
0 31656*03 
0 32026*03 
0 32946*03 
0 31126*03 
0 73886*03 
0 32206*03 
0 12426 4-03 
0 32^16*03 
0 327.6. *03 
0 38776*03 
0 32716*03 
0 32836+03 
0 32496*03 
0 33036*03 
0 31996*03 
0 33506*03 
0 32296*03 
0.31886*03 
0 33956*03 
0 31206*03 
0 32086*03 
0 31406*03 
0 31926*03 
0 320(J6*+)3 
0 32106*03 
0 32986*03 
0 31R16+03 
0 31296*03 

0 32v'or4.03 

0 32386*03 
0 32<n6*03 
0 31086*03 
0 32156*03 
0 31426*03 

0 32446*03 

0 32526*03 
0 317T+03 
0 33186*03 
0 32or_*oi 
0 323^*03 
0 32826*0 1 
0 317-6*03 
0 \'^8of *03 
0 323 C *03 
0 32406*03 
0 325 T *03 
0 3l'16*03 
0 -314T6*03 
0 114E+03 
0 32'A^*03 
0 11796*03 
0 ¥’,'^♦0 3 
0 jiPof*03 
O 

0 V >1 » »0 ) 
O \ '• w f 4 0 I 
O >t i » 

0 V’'}T*0 1 
O M •'T*0 3 


AXIAL 

MASS 

FLOJ 

0 22776*02 
0 23S46+02 
0.23286*02 
0.23476*02 
0.23316*02 
0.23506+02 
0 23526+02 
0 23696*02 
0 23256*02 
0 . 23506*02 
0 23926+02 
0,22906*02 
0 23086*02 
0 23466*02 
0 23986*02 
0 22806*02 
0 23426*02 
0 23336*02 
0 23486*02 
0 24426*02 
0 22466*02 
0 24036*02 
0 22636*02 
0 23536+02 
0.23986*02 
0.23586*02 
0 24176*02 
0.23086*02 
0 23496 » 02 
0 23^66*02 
0 23156*02 
0 23476*02 
0.22926*02 
0 23186*02 
0 2T786+02 
0 22536*02 
0 245X+02 
0 23316*02 
0 2347E+02 
0 23306*02 
0 23736*02 
0 23736*06 
0 23686*06 
0 23776*06 
0 23526*06 
0 23916*06 
0 23166*02 
0 24336*02 
0 23386*02 
0 23086*02 
0 24586*02 
0.22596*02 
0 23226*02 
0 22736*02 
0 23116*02 
0 23236+02 
0 23246*02 
0 23886*02 
0 230 16 *+>2 
0 22876 * 4 ^ 
0 2 3226*02 
0 23456*02 
0 23186*06 
0 22506*02 
0 23286*02 
0 22756*06 
0 23496*06 
0 23626*02 
0 23006*02 
0 24026*02 
0 23n6*06 
0 23426*06 
0 2X'66*06 

0 22976*02 
0 23756*02 
0 23406*06 
0 . 234^ *02 
0 23T,56*02 
0 22956*02 
0 22''F6*02 
0 22756*02 
0 23P76+06 
0 2H^*06 
0 23376 *vV3 
0 2 )086 »02 
0 2V’46*02 
0 ,7->4T*02 
0 2A7l6*+>2 
o 22 'f# *02 

0 2 18 .-E 
O 2 *tV 


tangential 

V6L0CITV 

0 . 32746+06 
0,4'770G*06 
0 . 45706*02 
0 . 49576+02 
0.40076+02 
0.45476*02 
0 . 34506+02 
0 46146+06 
0.27236*02 
0 44386+02 
0. 42956*02 
0.29866*02 
0.37136*02 
0.48436*02 
0 . 48486*06 
0 38776*06 
0 54896*02 
0 28176+02 
0.41946+02 
0.57856*02 
0 38676*02 
0. 47746*02 
0.39086+02 
0.46326*02 
0 40076 H^2 
0.51776+02 
0 47256 *+32 
0 3F5'J6*02 
0 44916*02 
0 38346*02 
0 37566*02 
0 41036*02 
0. 34136*02 
0.4 02 

0. 41776*02 
0 34326*02 
0 toxx 76*02 
0 39736*02 
0 49576*06 
0 45566*02 
0 42486+02 
0 41296*06 
0 55976*02 
0 47546+02 
0 46476*02 
0 38286*02 
0.34506*02 
0 56S46+02 
0. 34106*02 
0.42486*06 
0 53216*02 
0,27396*02 
0,31176+02 
0 41906*02 
0 38856*02 
0 42736*02 
0 49306*02 
0 5292E++52 
0 325r6 *02 
0 38706*02 
0 31176*02 
0 49326*02 
0 461:6*02 
0 30756 *+« 
0 29706*02 
0 36786*02 
0 42976*02 
0 45666*02 
0 34216*02 
0 58876*02 
0 445X *02 
0 51816*02 
0 374q6 *02 
0 38456*02 
0 38<X6*02 
0 38156*02 
0 4 ^? 0 - 6*02 
0 39506*02 
0 39706*02 
0 27196*02 
0 27906*02 
0 45106*02 
0 39416*02 
0 4;?iie*02 
0 35546*02 
0 

O *vv» 

0 4274T. *vvi 
0 KnVT *<V3 
0 4'4,.|f H\2 


TANGENTIAL 

MASS 

ruou 

0.23716*01 
0 34546+01 
0 33096*01 
0.35896*01 
0 29016*01 
0 32926*01 
0 24986*01 
0 33416*01 
0 19716*01 
0 32136*01 
O 31076*01 
O 21626*01 
0 26886*01 
0. J506E+01 
0 35106*01 
O 28076*01 
O 39746*01 
0 20396*01 
0 30366*01 
0 41886*01 
0 28006*01 
O 34576*01 
0 27576*01 
0 33536*01 
O 29016*01 
O 37486*01 
O 342^+01 
0 264'.J6*01 
0 32516*01 
0 27756*01 
0 27196*01 
0 29756*01 
0 24706*01 
0.32436+01 
0 30246*01 
O 24856*01 
0 46466*01 
0 28776*01 
0 35896*01 
0 32986*01 
0 30756*01 
0 29896*01 
0 40526*01 
0 34496*01 
0 33656*01 
0 27716*01 
0 24986*01 
0 41156*01 
0 24596*01 
0.30756+01 
O 38526*01 
0 19836*01 
0 22576*01 
0 30346*01 
O 28136*01 
0 30946*01 
0 35696*01 
0 38316*01 
0 23626*01 
0 28026*01 
O 22576*01 
0 35716*01 
0 33436*01 
0 22246 *-0l 
0 21506*01 
O 26696*01 
0 31116*01 
0 33786*01 
0 24776*01 
O 42526*01 
0 32316*01 
0 37516*01 
0 27146*01 
0 27856*01 
0 27586*01 
O 27A26*01 
0 30456*01 
O 28596*01 
0 28746*01 
0 19596*01 
0 197.6*01 
O 33386*01 
0 2?r> F*Ol 
0 30496*01 
0 254«:6.*<Al 
O 25406 *+n 
0 3VX6*01 
0 >>4 lf *oi 
O 2.^5 46 *01 
O r>94F*01 
O 271PF HM 


ABSOLLTTE 

VELOCITY 

0.31636*03 
0 92876+03 
L . J2476+03 
0.32^*03 
0 32446+03 
0 32786*03 
0,32666*03 
0 , 33056*03 
0.32236*03 
0.32776*03 
0.33326+03 
0.31776*03 
0.32096*03 
0 32776*03 
0.33476*03 
0 31736*03 
0 32826*03 
0.32346+03 
0.32716*03 
0 34226*03 
0.31266*03 
0 . 33546*03 
0.31496*03 
0 32896*03 
0 33366*03 
0. 32986*03 
0 33716+03 
0 32096*03 
0 Da'SE+OB 
0. 32766+03 
0 32206+03 
0 32676*03 
0 31846*03 
0 32336*03 
0.33106*03 
0.31316+03 
0.34496*03 
0.32446*03 
0.32796*03 
0 32516*03 
0. 33056*03 
0 3303E+OG 
0 33196*03 
0 33186*03 
0 32826*03 
0 33256*03 
0 32186+03 
0.34086*03 
0. 32476*03 
0.32166*03 
0.34376*03 
0.31326*03 
0.32236*03 
0 31686*03 
0 32166*03 
0 32376*03 
0. 32476*03 
0 33406*03 
0 31976*03 
0 31836*03 
0 322X+03 
0 32756*03 
0 32356*03 
0 31236*03 
0 32296*03 
0 3l636*<-3 
0 32736*03 
0 32956*03 
0 31956*03 
0 33706*03 
0 32346*03 
0 32756+03 
0 3 3046*03 
0 31956*03 
0 33026*03 
0 32556*03 
0 32676*03 
O 32916*03 
0 31956*03 
0 31556*03 
0 31556+03 
0 33026+03 
0 32136*03 
0 32556*03 
O 3209F.+01 
0 >■^186*0 3 
0 Vy,Pf*+'3 
0 Jr! J4*. »o ) 
0 31556*0) 
0 ^ ] 
O V+vr*+) 3 


ABSOLL^ 

mss 

FLOW 

0.22906+03 
0 23796*02 
0 23516*02 
0.23746*02 
0 . 23496*02 
0 21736*02 
0.23656+02 
0 23936*02 
0.23336*02 
0 23726*02 
0 24126+02 
0 23006*02 
0 23236*02 
0 23726*02 
0 24236+02 
0.22976+02 
0.23756+02 
0 23416*02 
0 23686*02 
0.24776*02 
0. 22636+02 
0 24286*02 
0 228(V *02 
0.23816*02 
0.24156*02 
0 23886*02 
O 24416*02 
0 232:£*02 
0 2371E*+)2 
0 23726*02 
0 233 '6 *02 
0.23656*02 
0 23056+02 
0 23416*02 
0 23976*02 
0 a367E*02 
0 24976*02 
0 23496*02 
0 23746*02 
O 23546*02 
0.23936*02 
0 23936*02 
0 24036*02 
0 24026*06 
0 23766*02 
0 24076*02 
0 23306*02 
0 24576*02 
0.23516*02 
0.23236*02 
0.24886*02 
0.22686*02 
0 2a33E*0e 
0 22936*02 
0 23286*02 
0 23446*02 
0 23516*02 
0 24186*02 
0 23156*02 
0 23046*02 
0 233X+02 
0 23726*02 
0 2342E*+)2 
0 22616*02 
0 23386*02 
0 22306*02 
0 23696*02 
0 23866*02 
0 231X+02 
0 24406*02 
0 23426*02 
0 23726*02 
0 23926*02 
0 231 46 H52 
0 23916 *+^ 
0 23576 *v\a 
0 23656*02 
0 23836*02 
0 23146*02 
0 22846*02 
O 22846*02 
0 23916*02 
O 23256*02 
0 235*T*02 
0 23246*02 
O 2>87r.*<rV? 

0 23^^r♦+^2 
0 2 1416 **v 
0 »vV 

0 2-1 14^ *i,v? 
0 2 M T *iV’ 


FLOU 

DIRECTION 
(AXIAL -f?66) 
0.594X*01 
0 83466+01 
0 80916*01 
0 86946+01 
0.70956*01 
0 79736*01 
0.60636+01 
0 80266+01 
0.48456*01 
0,77846*01 
0 74016*01 
0.53936*01 
0.66436*01 
0.85006*01 
0.33286*01 
0.70186*01 
0.96296*01 
0.499^*01 
0.73676+01 
0.97336*01 
0.71076*01 
0.81846+01 
0 69456*01 
O 80956*01 
0 68986*01 
0.90316*01 
0 80586+01 
0.65486*01 
0 78816*01 
0 67216*01 
O 65986*01 
0 72256*01 
0.61536*01 
0 79626*01 
0 72496*01 
0 62926*01 
O. 10726*02 
0 70356*01 
0 86946*01 
0.80556*01 
0 73856*01 
0 71806*01 
0.97086*01 
0 82576*01 
O 81416*01 
0 66116*01 
0 61556*01 
0 96026*01 
0.60286*01 
0 7S896+01 
0.89066*01 
0 50176*01 
0 55516*01 
0 76026*01 
0 69396*01 
0 75856*01 
0 87336*01 
0 91156*01 
0.58556*01 
O 69856*01 
0 55516*01 
0 86A9E+01 
0 82056*01 
0 56456*01 
0.52786*01 
0 65786*01 
0 75456*01 
^ 81396*01 
61476*01 
0 10066*06 
0 73326*01 
0 91006*01 
0 65Uir*01 
0 69126*01 
0 66246*01 
0 67316*01 
0 73986*01 
0 689)6 *01 
0 71366*01 
0 49456*01 
0 49646*01 
O 80256*01 
0 70446*01 
0 74346*01 
0 653:T*+31 
0 61066 *+M 
+) 80816*01 
0 ,'5946*01 
O 589A6 *Ol 

O If ••k'M 

O C.'l T *01 


c 




/ 
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Table D-b 


Once Per Revolution Sampling of X-Array Probe (Concluded) 


irtrr hot ui^ probe 


TI« 

fWlfii. 

m^ITV 

AXIAL 

MASS 

FLOU 

tangektial 

VEUJCITV 

0.467SE+O0 

0,3163E+«3 

0 a290E*0a 

0 3301E+02 

0 4726E+O0 

0.317SE:+03 

0 2a9gE>02 

0 

4€38E*0a 

0 4777E+O0 

0 3a<2E+03 

0.2347E:+0e 

0 

• 3689E+02 

0 4829E^O0 

0 3334E+03 

0.a4i4E+ea 

0 

S484€^ 

0 48S0E‘*^ 

0.3«46C+^3 

0 2B78E+0S 

0 

3E52E+02 

0 493SE+00 

0.3S18E>03 

0.2330€+0e 

0 

3916E+02 

0.4983E*00 

0.3130C+03 

0 2266E*0a 

0 

3481 E+02 

0S034C+00 

0.31S8E+03 

0 8308E^ 

0 

29752+02 

0.508GE+e0 

0 3318E+03 

0 240eE+0a 

0 

4322E+02 

0.5137E+00 

0 3816E>03 

0 232SE:*0a 

0 

4245E+02 

0 St38t+00 

0 3234e+93 

0 2334E>02 

0 

38192+02 

0 5240C+^ 

0 32S£E+03 

0 2354E+e3 

0 

3717E+02 

0 S291E+^ 

0 3a39E*03 

0 23452*^02 

0 

4951E+02 

0 

0 308PE*03 

0 2390E:<-02 

0 

3988E+02 

0 5394G-»^ 

0 321T*03 

0 2j2TE.+0a 

0 

37672+02 

0 S445E+00 

0 31S4E*03 

0 22S4r*ce 

0 

4764E+ce 

0 9497E+00 

0 3?74E+^3 

0 2370E^ 

0 

3922E+02 

0 5S48E*00 

0 32S^>03 
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Table D-7. 


Cross Spectral Analysis of X-Array Probe and Reference 
Strain Gage for Phasing. 
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